Mitochondrial Membrane Mimic-Induced Structural Dynamics of Cytochrome c as Probed by Vibrational Spectroscopy by Malyshka, Dmitry
Mitochondrial Membrane Mimic-Induced Structural Dynamics of Cytochrome c as 
Probed by Vibrational Spectroscopy 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
by 
Dmitry Malyshka 
in partial fulfillment of the 
requirements for the degree 
of 
Master of Science 
June 2017 
 
ii 
 
 
ACKNOWLEDGEMENTS 
First and foremost, I would like to thank Reinhard Schweitzer-Stenner, my research 
advisor, for the support, guidance, and all the talks over the four years that I have been 
fortunate enough to spend and enjoy in his research group. 
I would like to thank the members of the chemistry department at Drexel University, 
especially those who I have bothered repeatedly in order to use their instruments. This 
includes members of Dr. Ji’s and Dr. Xi’s groups for the use of the sonicator and Dr. 
Foley’s group for use of the DLS instrument. 
Lastly, I would like to acknowledge all of the past and present members of the 
Biospectroscopy research group, specifically Leah Pandiscia, Bridget Milorey, and Dave 
DiGuiseppi for the mentoring, the discussions, and, most of all, the good times that were 
shared. 
 
 
 
 
 
 
 
 
iii 
 
 
TABLE OF CONTENTS 
List of table captions ……………………………………………………………………..vi 
List of figure captions …………………………………………………………………...vii 
Abstract……………………………………………………………………………….…..ix 
CHAPTER 1 – INTRODUCTION ……………………………………………………..1 
1.0 – Protein Folding/Unfolding and Its Relation to Function …………………...1 
1.1 – Overview of Protein Folding and Unfolding ……………………………….3 
1.2 – Influences on Protein Structure……………………………………………...6 
 1.2.1 – Structure of Cellular Membranes …………………………………7 
 1.2.2 – Membrane Induced Conformational Transitions …………………9 
1.3 – Cytochrome c ……………………………………………………………...10 
 1.3.1 – Structure and Function of Native Cytochrome c………………...10 
 1.3.2 – pH Dependent Conformational Changes………………………...14 
 1.3.3 – Foldon Model…………………………………………………….17 
 1.3.4 – Alternate Function: Apoptosis and the Importance of Cardiolipin 
…………………………………………………………………………....18 
1.4 – Resonance Raman and Heme Proteins………………………………...…..23 
 1.4.1 – Binding of Cytochrome c to Electrodes Probed via Resonance 
Raman …………………………………………………………………...23 
  1.4.2 – Binding to Lipid Membranes as Probed by Raman 
Spectroscopy................................................................…………………………………..28 
 1.5 – Binding of Cytochrome c to Liposomes……………………………..…….31 
  1.5.1 – Early binding modes and models…………………………...……32 
  1.5.2 – Hydrophobic Interactions………………………………………...34 
  1.5.3 – Recent Binding Models…………………………………………. 35 
 1.6 – Research Outlook…………………………………………………………..38 
CHAPTER 2 – THEORY BEHIND SPETROSCOPIC METHODS………………40 
 2.1 – Theory of Infrared Spectroscopy ………………………………………….40 
iv 
 
 
 2.2 – Four Orbital Model……………………………………………...…………43 
 2.3 – Theory of Resonance Raman Scattering ……………………………..…... 45 
  2.3.1 – Selection Rules for Raman…………………………...…………..49 
  2.3.2 – Resonance Raman Scattering in Porphyrins ……………..…..… 50 
CHAPTER 3 – MATERIALS AND METHODS ……………….…………………... 53 
 3.0 – Sample Preparation …………………………………...………………….. 53 
  3.0.1 – Liposomes Preparation…………………………………………...53 
  3.0.2 – Liposome Follow-Up for Infrared Experiments…………...…….53  
  3.0.3 – Cytochrome c Preparation………………………………………..54 
  3.0.4 – Preparation of Protein/Liposome Mixtures ………………...…... 54 
  3.0.5 – Preparation of Photoreduction-Prone Samples ……………..….. 55 
  3.0.6 – Dynamic Light Scattering………………………………………..55  
 3.1 – Spectroscopic Measurements………………………………………………55 
  3.1.1 – Infrared Spectroscopy………………………………………...….55 
  3.1.2 – Resonance Raman Spectroscopy………………...………………56 
CHAPTER 4 – RESULTS AND DISCUSSION ………………………………..……57 
 4.1 – Introduction ………………………………………………………………..57 
 4.2 – Infrared Results in the Study of CL’s Phosphate Group Ionization …...….60 
 4.3 – Raman Studies of Ferricytochrome c Binding to CL-Containing Membranes 
…………………………………………………………...……………………….70 
 4.4 – Binding at Slightly Acidic pH as Probed by Raman Spectroscopy …...…. 80 
 4.5 – Discussion of Results ………………………………………………...……83 
  4.5.1 – Summary ……………………………………………………...…83 
  4.5.2 – Discussion and Significance of Results……………………….....86 
CHAPTER 5 – SUMMARY AND OUTLOOK …………………………..………… 88 
Bibliography ……………………………………………………………………...……..91 
 
 
v 
 
 
LIST OF TABLES 
Table 2.1. Structurally sensitive marker bands in the high frequency region of the 
resonance Raman spectra of cytochrome c. These are the canonical band positions, 
presented with notation per Abe et al……………………………………………..……..50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vi 
 
 
LIST OF FIGURES 
Figure 1.1.1 – Depiction of the rugged funnel model of protein folding, shown here for 
fibrils………………………………………………………………………………………6  
Figure 1.2.1 – Effects of cross-sectional area proportionality between the headgroup and 
the acyl tails…………………………………………………………………...…………..8  
Figure 1.3.1 – Structure of cytochrome c, with emphasis on the heme group and its native 
histidine/methionine ligation state………………………………………………………..10 
Figure 1.3.2 – Role of native cytochrome c on the surface of the mitochondria, where it 
functions as an electron carrier that ultimately drives ATP synthesis……………...……13 
Figure 1.3.3 – pH dependent conformational transitions of cytochrome c, with all six 
conformational states described in the text labeled I – V…………………………..……15 
Figure 1.3.4 – Structure of cytochrome c, with different foldon units of the protein clearly 
labeled……………………………………………………………………………………17 
Figure 1.3.5 – Formation of the apoptosome by release of cytochrome c into the cytosol. 
……………………………………………………………………………………………19 
Figure 1.3.6 – Structure of a variant of cardiolipin called tetraoleylcardiolipin ………..19 
Figure 1.3.7 – The biochemical pathway cytochrome c experiences in order to trigger 
apoptosis…………………………………………………………………………………21 
Figure 1.5.1 – Figure depicting the three different binding sites on cytochrome c: 
Kinnunen and coworkers’ A and C sites as well as Nantes and coworkers’ L-site……...32 
Figure 1.5.2 – Proposed conversion into a compact state (2) and subsequent conversion to 
the extended state (3-4) by Pletneva and coworkers……………………………………..35 
Figure 1.5.3 – Binding scheme proposed by Pandiscia and Schweitzer-Stenner, describing 
the process as a CL dependent equilibrium between a native-like (nf-) state and non-native 
(f-) states………………………………………………………………………..……...…37 
Figure 2.2.1 – Optical absorption spectrum of both oxidation states of cytochrome c. 
Notice the clear difference in intensities between the B and Q bands…………………...42 
Figure 4.2.1 - Decomposed spectra of 100% cardiolipin liposomes (top) and 100% 
phosphatidylcholine liposomes (bottom) at a pH of 7. The decomposition bands shown 
here are the ones used for the fitting model for the respective liposome spectra across the 
pH range, obtained as described in the text………………………………..…………… 60 
Figure 4.2.2 - Integrated intensity of the bands of the 100% phosphatidylcholine liposomes 
plotted against the pH. The six bands shown here are centered at 1042 cm-1 (black circle), 
1060 cm-1 (white circle), 1095 cm-1 (black triangle), 1076 cm-1 (white triangle), 1218 cm-
1 (black square), and 1242 cm-1 (white square)…………………………………………..61 
vii 
 
 
 
Figure 4.2.3 -  Integrated intensity of bands constituting the IR spectrum of 100% 
cardiolipin liposomes plotted as a function of pH. The band intensities were obtained from 
a spectral decomposition of spectra measured between 1000 and 1300 cm−1. The bands are 
labeled as follows: 1017 cm−1 (black circle), 1047 cm−1 (white circle), 1074 cm−1 (black 
triangle, down), 1094 cm−1 (white triangle, up), 1145 cm−1 (black square), 1164 cm−1 (white 
square), 1176 cm−1 (black diamond), 1193 cm−1 (white diamond) and 1214 cm−1 (black 
triangle, up)………………...………………………………………………….…………62 
Figure 4.2.4 - Difference spectra across the acidic pH as compared to neutral pH for 100% 
cardiolipin liposomes between 1000 and 1300 cm−1. The spectra shown here are obtained 
by subtracting the spectrum of 100% CL liposomes measured at pH 2 (solid), pH 3 (dotted), 
pH 4 (dashed), and pH 5 (dashed and dotted) from the spectrum obtained for the same 
liposomes at neutral pH………………………………………………………………….63 
Figure 4.2.5 - FT-IR absorbance spectra of 20% TOCL/80% DOPC liposomes measured 
at different pH values between 2 and 7. The individual spectra are plotted as follows: pH 2 
(solid), pH 3 (dotted), pH 4 (short dash), pH 5 (dashed and dotted), and pH 7 (long dash). 
……………………………………………………………………………………………64 
Figure 4.2.6 - Structure of the bi-phosphate head group of ionized (a) and protonated 
cardiolipin (b) obtained from DFT based geometry optimization. These structures were 
used to calculate the normal modes discussed in the text. Notice the truncation after the 
phosphate groups via a methyl group……………………………...…………………….66 
Figure 4.2.7 - Spectral density representation for the wavenumber interval between 1000 
and 1600 cm−1 as obtained from the normal mode calculation of the compounds in Fig. 
4.2.6. The ordinates display the number of modes obtained in 20 cm−1 intervals the lower 
ends being indicated on the abscissas (1500 cm−1 means all modes between 1500 and 1599 
cm−1 were counted). The upper panel exhibits the mode distribution for the ionized and the 
lowerpanel the mode distribution for the fully protonated compound. Bars in black 
represent combinations of CH deformation and CC stretching modes. Gray bars represent 
modes with a substantial contributions from PO, PO and CP stretching 
modes…………………………………………………………………………………….66 
Figure 4.3.1 - Resonance Raman spectrum in the marker band region of non-
photoreducible oxidized cytochrome c (black) taken with 442 nm excitation. The 
accompanying spectrum in red is of the same protein taken the next day in the presence of 
potassium ferrocyanide at a 4:1 salt to protein molar ratio. The bands are labelled according 
to band assignments of Abe et al…………………………………………………..…….71 
Figure 4.3.2 - High-frequency region of the resonance Raman spectrum of 100 
μM (oxidized) cytochrome c in the presence of 20 % DOPC/ 80 % TOCL liposomes (500 
μM) and ferrocyanide anions taken with 442 nm excitation. Major vibrational bands are 
labelled according to band assignment of Abe et al. Bands attributable to the reduced and 
oxidized species are highlighted in red and blue, respectively…………………………..72 
viii 
 
 
Figure 4.3.3 - Difference spectra in the high-frequency region of resonance Raman spectra 
of oxidized cytochrome c in the presence of 20% DOPC/80% TOCL SUVs at the indicated 
CL concentrations, obtained as was described in the text. Positions of major bands are 
labelled according to band assignments of Abe et al., and arrows indicate the evolution of 
extrema in the difference spectra for increasing cardiolipin concentration………………74 
Figure 4.3.4 - Fraction of oxidized cytochrome c plotted as a function of cardiolipin 
concentration in the outer leaflet of 20 %TOCL/80 %DOPC (open circles) and of 100 % 
TOCL liposomes (solid circles). The solid and dashed lines result form a fitting procedure 
described in the text……………………………………….…………………………...…75 
Figure 4.3.5 - High wavenumber region of the resonance Raman spectrum of a 100 µM 
solution of oxidized cytochrome c in the presence of 100% TOCL liposomes (500 µM) and 
ferrocyanide anions taken with 442 nm excitation. Major vibrational bands are labelled 
according to band assignment of Abe et al. Bands attributable to the reduced and oxidized 
species are highlighted in red and blue, respectively…………………….…………..….76 
Figure 4.3.6 - Difference spectra in the high frequency region of resonance Raman spectra 
of oxidized cytochrome c in the presence of 100% TOCL SUVs at the indicated CL 
concentrations, obtained as described in the text. Positions of major bands are labelled 
according to band assignments of Abe et al., and arrows indicate the evolution of extrema 
in the difference spectra for increasing cardiolipin concentrations. Figure 4.4.1 - Difference 
spectra for ferricytochrome c – CL liposome systems, where the spectrum of 
ferricytochrome c in solution (shown in black for scale) is subtracted from the spectrum 
obtained for the protein with CL at the indicated concentrations. Of note is a clear 
contribution of a blueshifted ν4 band, most likely assignable of bis-His species that is also 
described in the text, and a clear increase in intensity of the high-spin components of the 
ν3 and ν2……………………………………………………………………...…………..77 
Figure 4.4.2 - Resonance Raman spectrum of a pH 6.5 50 μM ferricytochrome c solution 
at a cardiolipin concentration of 0 μM (red) and 1500 μM (gray) as obtained with 442 nm 
excitation, shown along with the decomposition (dashed black) and the total fit (solid 
black) of the latter spectrum. Sub-bands are labeled according to the notation of Abe et al. 
……………………………………………………………………………………………79 
Figure 4.4.3 - Resonance Raman spectra of ferricytochrome c in the presence of 2000 μM 
CL and 150 μM NaCl, both in the absence (black) and presence (red) of ferrocyanide in a 
1:12 protein to ferrocyanide ratio. Note the complete photoreduction, as indicated by the 
oxidation marker bands, after the addition of salt…………………….…………………..80 
 
 
 
 
 
ix 
 
 
ABSTRACT 
Mitochondrial Membrane Mimic-Induced Structural Dynamics of Cytochrome c as 
Probed by Vibrational Spectroscopy 
Dmitry Malyshka 
Dr. Reinhard Schweitzer-Stenner 
 
Cytochrome c has been widely studied as an electron transport protein due to its main 
function as an electron shuttle in the mitochondria. It performs this role via its native 
methionine/histidine ligation of the heme group, and ultimately drives ATP formation by 
indirectly pumping protons across the inner mitochondrial membrane to form a gradient. 
However, more recently, it was shown that cytochrome c plays a rather large part in 
apoptosis, a role it must play though the gaining of peroxidase activity on the surface of 
the cardiolipin-containing membrane (inner mitochondrial membrane). How does it 
balance the two functions? Binding studies have now shown that there are multiple binding 
sites (A, C, and L). Furthermore, some binding models have been proposed as well that 
treat the binding as a CL-dependent conformational equilibrium between native-like and 
non-native like states. However, the question as to what the exact structural configuration 
of these states is still outstanding, along with the unresolved issue of cardiolipin headgroup 
ionization. Though infrared spectroscopy experiments, it was shown that CL is doubly 
ionized at neutral pH, with DFT calculations aimed at aiding in the analysis and 
assignments of phosphate group infrared specra. With resonance Raman, a new 
experimental strategy is introduced where photoreduction can be used to trace the amount 
of the non-native-like bound state lacking the native methionine ligation. Furthermore, 
when the binding was measured at the biologically relevant slightly acidic pH, distinct 
evidence for the presence of high-spin was observed. Clearly, these states are the prime 
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candidates for peroxidase activity. Furthermore, the different mode of binding observed at 
slightly acidic pH is most likely due to the protonation of one of the histidine residues that 
is responsible for replacing the native methionine during CL-induced unfolding.  
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CHAPTER 1 - INTRODUCTION 
1.0 - Protein Folding/Unfolding and Its Relation to Function 
The many levels of protein structure and their influences on the biochemical function have 
been the subject of numerous studies over the past century. For a long time researchers 
believed that a protein must adopt a very precise conformation in order to be able to carry 
out its biological function, and this precise structure-function relationship has served as 
background for many biochemical models, with the outdated lock-and-key model of 
enzyme-substrate binding as an example. Recently, however, such a narrow view of the 
structure-function relationship has come under increasing scrutiny with the discovery of 
numerous vital functions performed by intrinsically disordered proteins in living cells.1-2 
Clearly, proteins that are partially unfolded or have no distinct regular structure at all are 
capable of functioning properly. 
Studies reported in this thesis have focused on one protein in particular, cytochrome c, that 
was found to be able to perform a function even after losing parts of its native tertiary 
structure. In its native state in the mitochondria, cytochrome c acts as an electron carrier 
between Complex III and Complex IV of the electron transport chain during cellular 
respiration; a role it can perform via oxidation/reduction of the iron atom of its heme group. 
Recently, however, cytochrome c has been implicated as a pro-apoptotic trigger, a role it 
performs through a series of complicated biochemical steps. One of these steps involves it 
acting as a peroxidase; a function many believe it must perform in a partially unfolded 
conformation in order to facilitate the access of H2O2 and the substrate to the heme iron. 
The extent to which the protein must unfold is currently unclear, and this subject has drawn 
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the current interest of many researchers. These studies have focused on characterizing the 
interactions and conformational transitions that are responsible for allowing this protein to 
perform two completely different and mutually exclusive functions. This thesis describes 
experiments aimed at identifying sub-ensembles of native-like and partially unfolded 
oxidized cytochrome c on the surface of anionic liposomes by utilizing resonance Raman 
spectroscopy. 
Moreover, cytochrome c has been implicated in other biochemical processes such as acting 
as a reactive oxygen species scavenger as well as having a role in the self-aggregation of 
α-synuclein in Parkinson’s disease.3-4 The extent of these functions in the living organism 
is still not clear. They will not be considered further in this thesis. 
This introductory chapter proceeds with a description of the driving forces of folding and 
unfolding, which includes solvent-protein as well as membrane-protein interactions. This 
will be followed by a discussion of the process of folding/unfolding itself. The third sub-
chapter is a description of how these forces and studies apply to proteins in general before 
focusing in on the native structure and function of cytochrome c and those of its partially 
unfolded conformations, with particular focus on previous studies that have utilized 
vibrational spectroscopy to study cytochrome c and its conformational equilibria. 
Ultimately, after providing a well-rounded account of the history of research on 
cytochrome c and its conformational transitions, this thesis presents a vibrational 
spectroscopy approach of studying the structural equilibria of cytochrome c on the surface 
of anionic lipid membranes. Along the way, the results presented are discussed in the 
context of the existing literature.  
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1.1 - Overview of Protein Folding and Unfolding 
While nucleic acids, carbohydrates, and fatty acids all have many important functions in 
the organism, it is quite clear that proteins are responsible for the majority of biochemical 
processes and functions. Be it enzymes driving important reactions or proteins serving as 
structural building blocks of cellular macrostructure or as transport proteins, organisms 
rely heavily on proteins performing their functions extremely well. It has been obvious 
from the very beginning that even a single protein that cannot perform its function can have 
widespread effects on the organism, with a popular example being sickle-cell anemia, 
where a single amino-acid residue difference allows hemoglobin to polymerize when little 
oxygen is present and disrupt its function. Another example is the aggregation and large-
scale fibrilization of misfolded amyloid β (Aβ) peptides subunits and Tau proteins, 
processes both involved in Alzheimer’s disease. It is clear that protein misfolding can have 
highly degenerative effects, but to properly study such diseases one must understand in 
detail what drives protein folding and unfolding. 
There are four levels of protein structure. The sequence of the protein’s amino acids, i.e. 
the building blocks of peptides, is the protein’s primary structure.5 However, the primary 
structure is one dimensional, simply a “list” of the arrangement of the twenty possible 
amino acids in the sequence that can be thousands of amino acids long. These amino acids, 
consisting of a carboxyl group, amino group, and a variable R group on the center carbon, 
polymerized through peptide bonds providing the protein with a simple repeating 
“backbone” of C-C-N. It is the identity of the R groups that allows the individual amino 
acids and ultimately the protein to interact individually with their surroundings. For 
example, aliphatic side chains on amino acids such as isoleucine (isopropyl R group) or 
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phenylalanine (a benzyl R group) would avoid an aqueous solvent while preferring each 
other, whereas polar or charged amino acids such as serine (methanol as the R group) and 
histidine (imidazole R group) are expected to interact favorably with an aqueous solvent. 
The combination of these interactions on the local scale drives the formation of structures 
like α-helices and β-strands, i.e. the protein’s secondary structure. Concurrently, the entire 
protein structure rearranges into its tertiary structure, which together with the secondary 
structure identifies the final folded state of the protein. An example of quaternary structure 
is multiple separate subunits coming together into a single macrostructure, with a classical 
example being hemoglobin composed of two α and two β subunits.6 While the latter three-
dimensional structures can be altered e.g. by addition of denaturing agents or altering of 
the temperature, the protein’s primary structure can only be altered through cleavage of 
peptide bonds, a function generally done by specific enzymes called proteases, or via 
mutagenesis. 
It became clear in the 1960’s after Alfred Anfinsen’s experiments with ribonuclease A that 
primary structure ultimately guided the final protein shape.7 In his experiments, Anfinsen 
unfolded ribonuclease A by first reducing the disulfide bridges via mercaptoethanol and 
following it with the addition of urea. After removal of these denaturants the protein 
refolded back into its native form, showing that protein folding was encoded in the primary 
structure of the protein rather than being a result of external influences. However, what 
exactly drives protein folding? It is clearly not random sampling of possible conformations, 
as the free rotation of the protein backbone allows for a virtually infinite number of 
possibilities that would take an impractically long time to sample, even for relatively short 
peptides. Rather than random sampling, Levinthal suggested that proteins follow a 
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sequential energy pathway that is guided by local interactions, as has been described above, 
which allow the protein to ultimately obtain a conformation that is at an absolute Gibbs 
free energy minimum.8 These local interactions can include hydrogen bonding, 
electrostatic interactions, or hydrophobic interactions, the latter of which has even been 
proposed by Kauzmann to be the major driving force behind protein folding as far back as 
1959 mainly due to the large entropic stabilization of the protein structure.9 
This view was essentially confirmed, though a bit modified, by the 1990’s after decades of 
studies on protein folding. By this time, it was clear that it was indeed a combination of 
multiple driving forces, such as hydrogen bonding, hydrophobic and electrostatic 
interactions, and possible covalent interactions, that guide the protein folding by 
minimizing the Gibbs free energy while also minimizing the conformational entropy of the 
system. While minimizing conformational entropy might not seem as particularly 
favorable, it gets balanced out by the entropic contribution from the hydrophobic effect as 
well enthalpic stabilizations from the favorable interactions such as hydrogen bonding. 
This stabilization was interpreted in the form of a free energy landscape in a shape of a 
funnel, with multiple local minima associated with the many unfolded or partially-unfolded 
states and a global minimum representing the native, folded conformation.10 According to 
this 'funnel model,' the folding process begins at the “top” of this funnel, moving down as 
favorable interactions lead to a decrease in free energy. The funnel is rugged due to the 
many local minima, as shown in Figure 1.1.1. The protein undergoing the folding process 
can sample many of these minima, which thus represent kinetic intermediates of the folding 
process. Misfolded states of a protein can also be described as the protein being trapped in 
one of these local minima, without being able to overcome the energy barrier separating 
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them from the absolute minimum on the normal time scale of folding processes (10-3-1 s). 
Such a metastable, even more long living misfolded state was shown to exist for 
cytochrome c by Soffer et al.,11 where the protein is trapped in a non-native state even at 
native conditions after it was exposed to alkaline pH. 
 
Figure 1.1.1 – Depiction of the rugged funnel model of protein folding, shown here for 
fibrils.12 
 
1.2 – INFLUENCES ON PROTEIN STRUCTURE 
It has long been known that protein structure can be altered in quite a few different ways, 
such as temperature, pH of the solution, or by changing the solvent. With most proteins 
existing in aqueous environments, unfolding is expected if the solution composition 
becomes even slightly less polar. Increased temperature is known to denature proteins, 
mainly due to the breaking of such favorable interactions such as hydrogen bonding (i.e. 
the protein is provided with energy to escape the global minimum on the free energy 
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landscape). Cold temperatures have also been known to disable normal functions of 
enzymes, mainly by making them too “stiff” and unable to act as proper catalysts.13 pH 
influences the charges on the ionizable side chains on the protein, dictating which residues 
will become charged, and thus hydrophilic, or neutral, and thus more hydrophobic. pH 
related changes to protein structure were quite relevant to past cytochrome c studies, as the 
pH related structural changes have been very well characterized and documented by many 
scientists over the years. However, there are other possible processes that affect protein 
structure that are less prominent but important nonetheless. The structure of cytochrome c 
can be changed by its binding to surfaces, which includes cellular membranes, monolayers, 
and metal surfaces, as will be detailed later. 
 
1.2.1 - Structure of Cellular Membranes 
Cellular membranes are composed mainly of phospholipids; molecules that are known for 
being amphiphilic owing due to the long hydrophobic acyl tails and charged hydrophilic 
headgroups (usually a modified phosphate) bonded together via a glycerol backbone. Thus, 
phospholipids in aqueous solutions usually form bilayers, with two sheets of phospholipids 
coming together by letting the hydrophobic tails interact with each other to form a 
hydrophobic core while exposing the headgroups to the solvent. When the cross-sectional 
area of a lipid’s headgroup is disproportionate relative to the cross-sectional area of its acyl 
tails, membrane curvature can form. Positive curvature can lead to small spherical 
aggregates known as micelles,14 whereas negative curvature can lead to the inverted 
hexagonal phase.15 Examples of both types of curvature are shown in Figure 1.2.1. When 
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the two cross-sectional areas are in proportion, the lipids can form bilayers, including 
cellular membranes and vesicles (including liposomes, though the degree of curvature 
depends on liposome size). 
 
Figure 1.2.1 – Effects of cross-sectional area proportionality between the headgroup and 
the acyl tails.16 
 
The structure of membranes is not necessarily completely fluid, as was initially proposed 
in the fluid mosaic model by Singer and Nicolson back in 1974.17 Their model was based 
on labeling experiments that showed that proteins diffuse through the membrane rather 
freely at rates dependent on the fluidity of the membrane, and described the lipid 
components as being able to do the same thing in random fashion. However, more recent 
experiments have shown that external (proteins, ligands, etc.) and internal (composition of 
the membrane) forces play a rather large role in determining the structure of the membrane. 
It is clear that many physical properties of the membrane are directly dependent on the 
identity of both lipids and other possible components of the membrane and its surface, such 
as proteins, carbohydrates, and cholesterol. Some experiments have shown that lipids can 
demix to form co-operative “rafts” upon interacting with proteins, a phenomenon that 
cannot be described as random.18 Hartmann and Galla’s experiments in 1978 with 
polylysine showed that the binding of the peptide to the membrane surface not only induced 
a conformational change in the peptide but also led to a curvature of the membrane.19 
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1.2.2 – Membrane Induced Conformational Transitions 
Membrane-induced conformational transitions include both folding and unfolding. An 
example of the former is α-synuclein, an intrinsically disordered protein 140 residues long 
that has been implicated to play a heavy role in Parkinson’s disease. In solution, this protein 
can be considered as unfolded.20 However, numerous studies have pointed to it adopting a 
variety of conformations when binding to different surfaces. For example, NMR studies 
have suggested that a part of the protein adopts an α-helical configuration upon binding to 
sodium dodecyl sulfate micelles.21 Furthermore, it is the protein’s ability to form β-rich 
aggregates that defines its detrimental role in Parkinson’s disease,22 clearly showing that 
membranes can induce protein folding. An example of unfolding on the membrane surface 
is a myosin-type protein called myosin VI, an intracellular molecular transport protein. 
Myosin VI is classified as a relatively short myosin family protein, but was found to take 
surprisingly large “steps” in the cell. It was found that the protein can bind to a membrane 
and unfold, in the process becoming longer and actually capable of taking the abnormally 
large steps.23 Another prominent example of membrane-induced unfolding is cytochrome 
c, the focus of this thesis, which will be followed up below. 
 
 
1.3 – Cytochrome c 
1.3.1 - Structure and Function of Native Cytochrome c 
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Cytochrome c is a relatively small protein of 104 amino acid residues, with small variations 
between species, with an example shown in Figure 1.3.1. Among its highly conserved 
structures are the two main α-helical units, termed the N- and C-helices that interact 
together and stabilize the protein.24 They are stable enough to be the last units to unfold 
(more on the foldon model below). Aside from another short helix, the protein mainly 
consists of loop structures. Another important conserved structural unit is the heme group 
(also shown in Figure 1.3.1), i.e. an iron porphyrin, that is anchored to two cysteine residues 
of the protein (C14 and C17) through thioether linkages, and two axial ligands, a histidine 
(H18) and methionine (M80).24-25 Furthermore, there is a presence of a conserved water 
molecule (termed Wat166) on the interior of the protein that, along with an arginine (N52) 
and a tyrosine (Y67), forms an internal hydrogen bonding network.26 The two ligands along 
with the four nitrogen atoms of the porphyrin ring produce a low spin configuration of the 
central iron atom. The redox potential of the protein of ~0.2 V27 favors the reduced (ferro-
) state. The M80 ligation is pivotal for maintaining this redox potential. 
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Figure 1.3.1 – Structure of cytochrome c, with emphasis on the heme group and its native 
histidine/methionine ligation state.28 
 
Cytochrome c possesses 19 lysine residues, which gives the protein its high isoelectric 
point of approximately 10.5 and a +8 charge at neutral pH. This allows cytochrome to 
interact with negative surfaces and molecules, and it also imposes a high sensitivity to ionic 
strength. UV/Visible absorption experiments by Shah and Schweitzer-Stenner showed that 
the protein adopts a more compact state in the presence of hypophosphite anions (and 
acetate anions, to a lesser extent), where they observed an increase in oscillator strength 
for the charge transfer band at 695 nm that indicates a strengthening of the iron-M80 
linkage.29 These results are supported by separate small angle X-ray scattering30 and UV 
resonance Raman experiments.31 
The heme group itself has been introduced above as the main functional unit of the protein. 
In the native state, it is buried in a hydrophobic pocket of the protein. Thus it is mostly 
protected from the solvent with only a corner exposed.32 While a free heme group is planar 
with its macrocycle exhibiting approximately D4h symmetry due to aromaticity and a 
hexacoordinate geometry, the complex protein structure around it causes symmetry-
lowering deformations.33 Shelnutt and co-workers studied many species of cytochrome c 
to show that many aromatic and charged residues near the heme pocket have structural 
influences on the heme, and that the conserved thioether linkages induce the ruffling of the 
heme group.34 Ruffling is one of many possible out-of-plane deformations observed in 
heme groups, with doming in hemoglobin and myoglobin being examples. Ultimately, 
these deformations and the structural elements that cause them govern the functional ability 
of the protein. For example, the non-planarity of the heme group and the identity of the 
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ligands function to define the protein’s redox potential and thus its ability to function as an 
electron carrier, with Liptak et al. showing that the ruffling distortion destabilizes the iron’s 
d-orbitals and lowers the redox potential.35 The protein environment also imposes chirality 
onto the heme group, leading to a pronounced circular dichroism signal that has been used 
widely to study this protein. 
The native protein can adopt +2 and +3 oxidation states of its heme iron that allow it to 
function as an electron carrier. While most of the studies in this thesis will focus on the +3 
oxidation state, it should be mentioned that ferrocytochrome c only has minor structural 
differences from its oxidized counterpart.36 There is an overall weakening of the Fe – M80 
ligation,37 and an overall stabilization of the protein is observed. The reduced state is stable 
up to much higher temperatures as well as more extreme pH values. 
In its native form, the protein functions as an electron carrier from Complex III to Complex 
IV, as shown in Figure 1.3.2. The process of reduction at Complex III and the subsequent 
oxidation at Complex IV drives the transport of protons from the matrix into the 
intermembrane space. This proton pumping creates a slightly alkaline matrix (pH ~8), 
while the pH of the intermembrane space is slightly acidic (pH ~6.9).38 This, in turn, creates 
a proton as well as an electric gradient, both of which drive the formation of adenosine 
triphosphate (ATP), the cell’s “energy currency,” at the IMM’s ATP synthase. Disruption 
of regular cytochrome c function would thus halt cellular respiration by effectively 
“overloading” Complex III with electrons, which in turn would start to produce reactive 
oxygen species (ROS). Such species can cause damage inside the mitochondria and the 
cell, highlighting the importance of proper cytochrome c function. Its native function is 
highly dependent on the protein remaining in its native conformation, as the loss of the 
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M80 ligation results in an approximately 500 mV drop in redox potential from ~0.2 V to ~ 
-0.3 V.39 This puts it outside the range of catalysis by Complex III. 
 
Figure 1.3.2 – Role of native cytochrome c on the surface of the mitochondria, where it 
functions as an electron carrier that ultimately drives ATP synthesis.40 
 
It is clear that conformational transitions inhibit cytochrome c’s regular function. This 
thesis explores cardiolipin-induced conformational transitions and their possible role in the 
protein’s role in apoptosis. In order to understand them, however, it is important to 
understand the previously described conformational equilibria of cytochrome c in solution. 
 
1.3.2 - pH Dependent Conformational Changes 
Due to the presence of many charged residues on the surface of the protein (pI of ~10.5) as 
described earlier, it is not a surprise to learn that cytochrome c is sensitive to pH changes. 
Theorell and Åkesson were the first to elucidate such changes with equine cytochrome c 
via classical pH titration studies in 1941.41 Further studies since then aimed at the structural 
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characterization of these states via multiple spectrophotometric techniques yielded a 
clearer picture. With the addition of acid, the protein keeps its native state (H18/M80 
ligation) all the way down to a pH of approximately 4.5, where it switches to any of a 
variety of possible conformations. Of these, the dominant conformer is a low-spin bis-His 
species (H18/H33) with small contributions from a high-spin water-ligated species 
(H18/H2O) and possible high-spin pentacoordinated species (H18/-).
42-45 Decreasing the 
pH results in a transition at a pH of approximately 2, where the protein adopts an unfolded 
conformation.46 This conformer shows ionic strength dependent behavior, where it moves 
away from a statistical coil to a more molten globule-like state with increasing ionic 
strength.46 When moving from neutral to alkaline pH the protein remains at its native 
conformation up to a pH of ~8.0, where it exhibits a transition into any of many coexisting 
states (which are dependent on the species of cytochrome c). In the equine protein, there is 
a co-existence of three low-spin sub-conformers defined by the replacement of the M80 
ligation with one of three possible lysine residues (K72, L73, K79), and this replacement 
is termed the “alkaline transition” of the protein.47 Above pH 11, the protein undergoes 
further changes, replacing the lysine ligation with a water molecule or a hydroxide anion.48 
Per Theorell and Åkesson’s titration starting at a pH of 1.5, these states were numbered I-
V starting from the acidic conformer below the pH of 2. This is exhibited by Figure 1.3.3. 
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Figure 1.3.3 – pH dependent conformational transitions of cytochrome c, with all six 
conformational states described in the text labeled I – V.49 
 
Through more recent experiments, additional conformations were discovered. At neutral 
pH, a kinetic bis-His intermediate was discovered when the protein was allowed to refold 
after being unfolded via guanidine chloride.50 This state was originally detected in the 
completely unfolded protein, but its exact ligation was also observed transiently during the 
refolding process. Another thermodynamic intermediate was found at slightly alkaline 
conditions and low ionic strength by Verbaro et al., where an overall weakening (but not a 
complete loss) of the M80 ligation was detected.51 This state came to be termed State III* 
(reflected in Figure 1.3.3). It was assigned to the deprotonation of one of the propionic acid 
residues on the heme group itself by Bowler and coworkers.52 Experiments at high ionic 
strengths by Romesberg and coworkers revealed another state in the same pH region, 
termed 3.5, that preceded the alkaline transition.53 State 3.5 was characterized by a 
complete loss of the M80 ligation to the protein, contrary to what was observed for the III* 
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state. Furthermore, work by Soffer et al. showed the existence of a misfolded conformer at 
neutral pH that was achieved by quickly allowing the protein to refold after keeping it in 
State V for 1 week.11 This state was attributed to a stabilized hydroxyl-ligated V state.  
 
1.3.3 – Foldon Model 
As described above, the folding process can encompass multiple folding intermediates that 
only exist transiently (<1s timescale), making it highly difficult to achieve any structural 
characterization. Hydrogen-deuterium exchange (HX) rates can be measured via proton-
NMR and provide residue specific information, where exchange rates are expected to be 
high for residues exposed to the solvent and low for residues buried in the protein. 
Englander and coworkers utilized this method for cytochrome c at low denaturant 
concentrations to observe multiple such intermediates for cytochrome c in the process of 
re- or unfolding that they attributed to different folding units, termed foldons.54 These 
foldons behaved as single units that folded seemingly independently from each other, 
characterized by different free energies of folding.55 These are reflected in Figure 1.3.4. 
The loop containing the M80 ligation, red in the figure, is the easiest to unfold and is thus 
the most unstable. The yellow foldon in the figure is the second to unfold, followed by 
green foldon and then the blue foldon. The unfolding of the yellow foldon leads to the 
exposure of the heme group to the solvent. The green foldon contains the 60’s helix, while 
the very stable C- and N-terminal helices are the blue foldon. 
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Figure 1.3.4 – Structure of cytochrome c, with different foldon units of the protein 
clearly labeled.55 
 
 
1.3.4 – Alternate Function: Apoptosis and the Importance of Cardiolipin 
By the early 1980’s, the work of de Kruijff and co-workers had established the peculiar 
interaction between cytochrome c and CL.14 By the late-1990’s, it had been shown that 
cytochrome c could undergo conformational transitions upon binding to the inner 
mitochondrial membrane and that these conformational changes were the driving force 
behind the protein’s newly acquired peroxidase activity, which in turn catalyze the 
peroxidation of mitochondrial lipids and cytochrome’s release from the mitochondria – all 
steps being a requirement for cytochrome’s role in apoptosis.56 There is no question that 
proper control of apoptosis is vital due to its role in cancer and auto-immune diseases, 
among other important roles in normal development and organism homeostasis. 
Cytochrome c’s biochemical role in this process has been since mapped out, though some 
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of the details as to how it leaves the mitochondria to trigger the apoptotic cascade are still 
unclear. 
Upon being released from the mitochondria, the protein binds to the apoptoptic protease 
activating factor 1 (APAF1) to form a quaternary structure called an apoptosome. The 
apoptosome can then bind to pro-caspase-9 to activate it, and activated caspase-9 goes on 
to activate more caspases which are responsible for executing apoptosis.57 This process is 
depicted in detail in Figure 1.3.5. None of the steps following the release of cytochrome c 
can be stopped, effectively committing the cell to death. For this, the release of cytochrome 
c from the mitochondria is sometimes referred to as the “point of no return” in apoptosis. 
It should be noted that to trigger cytochrome c release, the cell must have initiated an 
apoptotic trigger cascade that has multiple checkpoints and that cytochrome’s release is 
thus far from being the first apoptotic step. 
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Figure 1.3.5 – Formation of the apoptosome by release of cytochrome c into the 
cytosol.57 
 
The marked change in function from electron carrier to peroxidase is triggered by the 
protein’s interaction with cardiolipin (CL),58 a unique phospholipid generally found on the 
inner mitochondrial membrane and in some bacteria whose structure is shown in Figure 
1.3.6.  
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Figure 1.3.6 – Structure of a variant of cardiolipin called tetraoleylcardiolipin. 
 
CL is unique because it has two phosphate headgroups and four acyl chains as compared 
to the one phosphate / two acyl chains structure of most phospholipids. In essence, the 
structure is simply two phosphatidic acid residues connected together via their headgroups 
through glycerol. The two phosphate headgroups can provide CL with a -2 charge, but the 
biological ionization state of CL has been under debate. A commonly accepted model by 
Kates et al. assigns pKa values of 2.8 and ~8.5 to the two phosphate headgroups based on 
a proposed “proton trap” through a bicyclic resonance stabilization of monoionized CL.59 
These results were indirectly supported by Lemmin et al.’s molecular dynamics 
simulations, where the authors were able to explain some properties of CL-rich membranes 
by having a monoprotonated CL molecule.60 Kates model was directly supported by ab 
initio calculations, which showed the presence of the proposed bicyclic structures.60 
However, these results are at variance with some older studies61-62 as well as some recent 
titration experiments63 that all point at a dibasic view of the molecule. The primary mode 
of interaction between cytochrome c and CL is expected to be electrostatic – thus, for 
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proper interpretation and understanding of the binding, the exact protonation state of CL 
must be known. One part of this thesis focuses on resolving this issue. 
CL composes approximately 20 mol% of all mitochondrial lipids, with the majority (~80%) 
of CL residing in the inner leaflet of the IMM.58 Under normal cellular operation, 
approximately 15% of the CL in the outer leaflet of the IMM is bound to cytochrome c,64 
allowing the protein to be loosely associated with the membrane and the electron transport 
chain. However, apoptotic signals cause a rapid flux of CL molecules from the inner leaflet 
to the outer leaflet as well as the inner leaflet of the outer mitochondrial membrane. Ott et 
al. have proposed a mechanism where the cytochrome first solubilizes in the 
intermembrane space and causes the Bax and Bak proteins to become active. These 
proteins then promote the formation of MAC, which provides cytochrome a direct route 
out of the mitochondria.65 This process is shown in a simplified diagram in Figure 1.3.7. 
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Figure 1.3.7 – The biochemical pathway cytochrome c experiences in order to trigger 
apoptosis.66 
 
The mechanism of release of cytochrome c from the membrane, however, is not entirely 
clear. It has been shown that cytochrome c gains peroxidase activity during this process, 
and that it must do so to perform its pro-apoptotic function.67-69 However, cytochrome c is 
quite different from classical peroxidases in that it does not allow an easy access to the 
active site. Classic peroxidases such as horseradish peroxidase contain a heme group, as 
well, but the heme is pentacoordinated to allow access to H2O2, with a water molecule near 
the proximal site forming a hydrogen bonding network with an arginine and a histidine 
residue that together stabilize the ferryl state of compound I.70 Furthermore, the mechanism 
of peroxidation and the intermediates (compound I and compound II) involved have been 
described and detected, even if transiently, for classical peroxidases.71-73 Not only is the 
native structure of cytochrome c not particularly amenable to peroxidase activity, there has 
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also been no direct evidence for the presence of compound I and compound II intermediates 
as of yet. Though some measurable peroxidase activity is present with State III cytochrome 
c (a second-order rate constant of ~104 M-1 s-1), it performs this function much slower than 
horseradish peroxidase (~106 M-1 s-1).71 McClelland et al. showed that the cytochrome 
mutation K72A enhances peroxidase activity by possibly destabilizing the loop containing 
M80.74 This highlights the role of the Fe-M80 ligation in modulating the peroxidase 
activity. It is very weak even for native cytochrome c, and its rupture is one of the first 
conformational changes that cytochrome exhibits upon interacting with CL. Such a change 
not only overcomes the main kinetic barrier for cytochrome c’s peroxidase activity but also 
inhibits the protein’s native function, highlighting the delicate balance between CL and 
cytochrome c that the cell must maintain for proper function and to avoid unnecessary 
peroxidation. It has been shown that cytochrome c with the exposed heme group can 
rapidly gain noticeable peroxidase activity,75 with the notable exception being state IV. 
However, what exact structural changes and triggers are responsible for this, and how can 
the cell balance these two mutually exclusive functions? 
 
1.4 – Resonance Raman and Heme Proteins 
Raman spectroscopy is considered a vibrational spectroscopy tool that complements the 
more common infrared spectroscopy. While infrared (IR) spectroscopy is a rather simple 
absorption technique, Raman spectroscopy utilizes an inelastic scattering mechanism with 
a completely different set of selection rules where the Raman activity is dependent on a 
change in the molecule’s polarizability rather than the dipole moment. Differences between 
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the frequencies of scattered and incident light correspond to the vibrational modes of the 
studied molecule(s). Due to the difference in selection rules, different types of vibrational 
modes can be elucidated (e.g. the symmetric stretch of CO2 is a famous example – it is IR 
inactive, but Raman active). Resonance Raman (RR) spectroscopy, however, utilizes the 
electronic excitation of the heme macrocycle to enhance the scattering cross section of its 
vibrational modes by several orders of magnitude. Detailed explanations will be presented 
further below. Through a series of works by several groups discussed later in this thesis, it 
has been shown that the RR spectrum of cytochrome c is highly sensitive to the heme’s 
ligation, spin, oxidation, and conformational states. 
 
1.4.1 – Binding of Cytochrome c to Electrodes Probed via Resonance Raman 
Thomas Spiro and his coworkers measured and interpreted the RR spectra and the 
respective depolarization ratios of cytochrome c and hemoglobin.76 They also attempted a 
very general assignment of the Raman modes based on the resonance intensity and their 
depolarization ratios (which are both dependent on the excitation wavelength).77 Since 
then, there has been an extensive amount of work done by Spiro and co-workers on both 
cytochrome c and other heme analogues,78-81 highlighting the sensitivity of the so-called 
higher frequency marker bands to changes in the heme’s oxidation, spin, and ligation states. 
Also, some of the low frequency marker bands’ Raman activity depend heavily on the out-
of-plane distortions of the heme, with ruffling being the primary such distortion for 
cytochrome c.80 The extent of these works over a range of 20 years has brought Spiro and 
his group to culminate in a publication summarizing the assignments of most bands in the 
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Raman spectrum of native cytochrome c.82 Based on it, the ligation, oxidation and spin 
states of the heme are quite easy to infer by inspecting the RR spectrum in the region 
between 1300 and 1700 cm-1. The Schweitzer-Stenner/Dreybrodt group has used Raman 
spectroscopy to probe distortions of heme proteins, with cytochrome c being one of them, 
by observing and analyzing the depolarization ratio dispersion and resonance excitation 
profiles of prominent marker bands in their RR spectra.83 Through careful analysis based 
on quantum mechanical perturbation approaches, information about symmetry-classified 
heme deformations were obtained. This information has also been utilized in observing pH 
dependent structural transitions of both ferri- and ferrocytochrome c by Schweitzer-Stenner 
and his co-workers, with the data showing a pH dependence for the ferri- species in the 
alkaline region (associated with the alkaline transition) with no pH dependence for the 
ferro- species in the same region.84 
While the basics of the use of Raman spectroscopy to study the structure of cytochrome c 
laid out in the seventies, eighties, and early nineties, a growing number of groups have 
since utilized Raman spectroscopy to probe structural changes of cytochrome c upon 
binding to surfaces, ranging from electrodes in cyclic voltammetry to lipid membranes to 
mitochondrial mimics. Electrode potentiometry, along with cyclic voltammetry, are very 
useful techniques in studying redox reactions, and cytochrome c is known to undergo such 
a reaction in vivo during electron transfer, as has been described above. In such 
measurements, the protein is bound to different types of membrane-coated electrodes (the 
different electrodes try to emulate different physiologically relevant lipids), with the 
electrical potential being slowly changed and the response (current) being measured. 
However, it is rather difficult to explore the structure of the protein during the different 
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steps of the measurements by most conventional techniques (UV-CD, IR, etc.). This issue 
was addressed by surface-enhanced Raman spectroscopy (SERS) which provides a great 
tool for exploring cytochrome c bound to electrodes, and it provided one of the first insights 
into the structural changes of cytochrome c upon binding to different types of surfaces. 
Providing enhancement through plasmon resonance, the heme group’s Raman signals are 
enhanced to an extent that allows even single molecule detection.85 Using this technique, a 
large variety of studies was performed to characterize the different oxidation states of 
cytochrome c while bound to different types of membranes, and they are summarized 
below. 
Hildebrandt and associates have performed multiple studies on this topic in the past.86-90 
Through a study where they simply adsorbed cytochrome c to colloidal silver particles, 
Hildebrandt and Stockburger observed that cytochrome undergoes an “adsorption-induced 
partial transition” from a native low-spin state to a high-spin state,91 usually indicative of 
an iron ligation state change, by observing the spin marker bands in the high-frequency 
region. From the study, the authors also observed a thermal equilibrium between the two 
bound and unbound states, indicating a reversibility of the binding process. Later, this 
group took the study further by first adsorbing cytochrome to a silver electrode in different 
salt solutions,86 and then obtaining the SERS spectra at different potentials and analyzing 
the spin marker bands. From this study, they found the existence of two states that the 
simply called I and II. The two states have different redox and spin properties, with state I 
being the more native-like, low-spin state with the native potential of +0.2 V, and state II 
being a mixture of a penta-coordinated high-spin (5chs) and a hexa-coordinated low-spin 
state (6cls) with both showing a negative reduction potential (-0.31V and -0.41V, 
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respectively, with all values being in reference to the standard calomel electrode). The 
authors proposed that the protein adsorbing to the negative membrane via its lysine residues 
is what causes the conformational transitions. With State I, the changes in protein structure 
were very minor, while the structural changes observed in State II where more pronounced, 
to the effect of changing the heme ligation state. This conclusion was drawn by comparing 
the spectral changes of State II in acidic solutions to the spectral changes of cytochrome c 
in unfolding experiments. It is also noteworthy that the silver electrodes exhibited a net 
positive charge for all potentials used in this study, specifically drawing the anions out of 
solution to form a “membrane” of negatively charge anions. Cytochrome c, a protein with 
a +8 charge, thus exhibits some electrostatic interactions with this "membrane".  
In the beginning of the 2000’s, Hildebrandt and co-workers resumed their work on 
electrode-bound cytochrome c, this time working with coated metal membranes.90-91 In the 
first study, the electrodes were coated with varying-chain-length self-assembled 
monolayers (SAMs); the interactions were again shown to be mainly electrostatic. Here, 
Oellerich and Hildebrandt observed additional states of the electrode-bound protein. They 
introduced new notation: B1 is the native state, and B2 is the electrostatically influenced 
state with three substates. They noted that the protein retains a mainly native structure at 
the surface when there is an excess of protein in solution (this, as will later be seen with 
negatively charged phospholipids, is representative of a low lipid-to-protein (L/P) ratios), 
and termed this as the B1 state. With a high L/P ratio, i.e. when most if not all of the protein 
is bound to the surface and no protein is free in solution, a definitive change to the B2 state 
is observed that can be primarily characterized by an altered heme pocket structure. The 
three substates of B2 can be characterized further by their spin and coordination states 
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(6cls, 6chs, and 5chs). The study, overall, is quite elegant and highlights the importance of 
the understanding of the electric field’s contribution to the structural changes of 
cytochrome c.88 A second study, published a few years after the first, is very similar to the 
first in style but with very different SAMs. The pyridyl-terminated SAMs that they used 
are special in that they could bind to the heme by displacing the native M80 ligand so that 
the heme became exposed to the membrane. The results are a bit inconclusive biologically 
(since a direct linkage of the heme to the membrane by ligation is most likely not 
physiologically relevant), but they do mention an important point: the adsorbed protein 
shows “redox state dependent coordination equilibrium.”90 
Since metal surfaces, even coated ones, are not very biological systems, the extent of the 
insights that these experiments could offer into the biological picture might be expected to 
be quite limited. The next section discusses RR studies of more biologically relevant 
membranes, at the expense of surface-enhanced effects. 
 
1.4.2 – Binding to Lipid Membranes as Probed by Raman Spectroscopy 
The binding of cytochrome c to different membranes offers a very wide spectrum of 
experiments – the high variety of possible membranes allows the probing of many possible 
structural changes. Since cytochrome c is a very positively charged protein, these studies 
often focus on negatively charged membranes and surfaces. 
As stated above, the Hildebrandt group has also dipped their foot into this field with the 
electrode studies from 1989.87 By adsorbing cytochrome c to highly negative anions, the 
authors saw the stabilization of State II (the non-native state with two substates). Also of 
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note, they saw a destabilization of the 6cls state of the native reduced species upon binding 
to negatively charged phosphatidylglycerol (PG) membranes, with the protein forming a 
mixed spin species (two substates of State II, one being high spin with the other low spin). 
Overall, the point of the study was to show that the electrode experiments actually show 
some possible biological relevance.  
A year later, Hildebrandt and co-workers published another study, focused on the binding 
of cytochrome to negatively charged phospholipid vesicles (phosphatidylglycerol, namely 
DMPG, DOPG, DOPC, and a mixture DOPG/DOPC). Noting severe structural changes in 
the protein upon binding to such vesicles, the authors still found the presence of state I and 
the two substates of State II (this study was carried out before the shift in notation), with 
different spectral characteristics. However, the highlight of this study is in its quantitative 
nature. By taking preliminary SERS spectra as well as published SERS spectral parameters 
(frequency, half-width, and intensity) for the different conformational states of cytochrome 
c, the authors were able to fit their high-frequency spectra (marker band regions) with 
bands attributable to such conformations allowing only small variations to the spectral 
parameters. Furthermore, they introduced another fitting constraint where the relative 
intensities of bands attributable to a single species were kept constant throughout the fitting 
procedure. Lastly, by taking the relative intensity of single marker bands for the different 
conformers and accounting for differences in Raman cross-sections, Hildebrandt and 
coworkers were able to get quantitative information on the relative populations of each of 
the conformers. The authors found a large increase in stability of State II upon binding to 
negatively charged phospholipid vesicles, arguing that this is the more biologically relevant 
state on the IMM. In a follow-up study, the same authors show that even a very small 
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concentration (~5 mol%) of negatively charged phospholipid in a bilayer dominated by 
neutral phospholipids is enough to induce a noticeable shift to state II. In the same study, 
the authors investigate the effect of a phase change of the lipids (from a bilayer to an 
inverted hexagonal structure). To their surprise, such a change in the lipid environment 
resulted in a relaxation of the structural changes seen for protein bound to phospholipid 
vesicles.92 
A study published much later by Hildebrandt and his group in 2004 involves a multi-
faceted approach at studying cytochrome c’s binding to dioleylphosphatidylglycerol. Here, 
RR is used complimentary to a variety of other classical methods to characterize the 
structural states of cytochrome c. Here, they are able to assign different distal ligands to 
the three different substates of the B2 state – His for the 6cls state, water for the 6chs state, 
and no ligand in the 5chs state. The identity of the His ligand, be it either of the His33 or 
the His26 residues, is not clear. The study also performs the measurement at a wide variety 
of L/P ratios, finding that the B1 state is only dominant up to an L/P of ~10, and it is mostly 
gone at an L/P higher than 22. The three other substates of B2 show mixed contributions 
at higher L/P ratios, with the 6cls state being most dominant and the high spin states 
growing in population only at much higher L/P ratios.93 
These studies highlight the important fact that negatively charged surfaces create a mixture 
of different states of cytochrome c, with each one having a characteristic heme 
configuration. They also exhibited the importance of the L/P ratio when studying such 
systems. These works grew in number as the number of binding studies of cytochrome c 
to IMM mimics has increased, but these systems were still of limited biological relevance. 
As has been mentioned above, there is a preferential interaction between cytochrome c and 
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the unique IMM phospholipid cardiolipin. Thus, for complete characterization of the 
biologically relevant states, studies have to be conducted with CL containing IMM mimics 
– this will be discussed in the next section. This thesis will focus on applying resonance 
Raman to study the binding of cytochrome c to CL containing liposomes. 
 
1.5 – Binding of Cytochrome c to Liposomes 
While studies of binding to negatively charged electrodes do provide some insight into the 
potential binding of cytochrome c to the IMM, it is far away from simulating a proper 
mitochondrial membrane surface. Many researchers have instead used CL containing 
liposomes to mimic the IMM, often using the 20% CL/80% neutral (zwitterionic) 
background lipid to replicate the same ratios that are observed in the mitochondria. From 
these studies, it is clear that that cytochrome c exhibits several structural changes upon 
binding to CL-containing liposomes. It has also become clear that the mode of binding is 
not simple, with both electrostatic and hydrophobic interactions being implicated. Among 
the hydrophobic interactions, the protein has both been suggested to undergo membrane 
insertion as well as the facilitating the insertion of one or even two of the CL’s acyl chains 
into the heme cavity. In the following section, the proposed models and the contradictions 
between them will be briefly outlined. 
1.5.1 – Early binding modes and models 
The most widely accepted binding models for cytochrome c to negatively charged 
membranes were first proposed by Kinnunen and coworkers in the 1990’s.94-96 They 
described the binding as a mixture between purely electrostatic interactions and hydrogen 
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bonding. This proposition was based on experiments via fluorescence resonance energy 
transfer from specifically labeled CL/phosphatidylcholine (PC) and PG/PC phospholipids 
to the protein, i.e. a direct measure of the extent of binding. They found two binding sites 
on the surface of the protein, termed A- and C-sites. The A-site is composed of two lysine 
residues (K72 and 73) that interact electrostatically with CL’s phosphate headgroup. It is 
thus sensitive to the addition of NaCl due to the screening that Cl- anions provide on the 
surface of the protein. The C-site is insensitive to the addition of salt, and was thus 
attributed to irreversible hydrogen bonding between a protonated CL phosphate headgroup 
and one of the protein’s asparagine residues (N52), an interaction that would require CL to 
be monoionized (thus achievable at low pH). It should be noted that the authors also 
allowed for the protonation of the protein instead of the phosphate for C-site binding to 
occur. Oellerich et al. later proposed two separate hydrophobic patches on the protein that 
could act as the C-site, shown in Figure 1.5.1.93  Nantes and coworkers extended this view 
of binding by exploring the binding at slightly acidic pH, finding another electrostatic 
binding site composed of multiple lysine residues (K22, K27, and K87) and a histidine 
residue (H33) that they called the L-site (also reflected in Figure 1.5.1). The authors 
inferred the existence of this site by observing increases in sample turbidity and vesicle 
size at lower pH values, with a pKa of approximately 7.0 as inferred from pH-dependent 
turbidity kinetics.97 They attributed the increase in turbidity and vesicle size to liposome 
fusion in the presence of cytochrome c and CL-containing liposomes, which they explained 
by proposing a new binding site that could act simultaneously with site C to bind two 
liposomes via one cytochome c molecule. For both sites the presence of salt inhibited the 
binding, contrary to what is observed for site A, indicating that binding at site L is 
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electrostatic in nature. Due to the pH in the mitochondria being slightly acidic 
(approximately 6.9, and possibly slightly lower on the negatively charged CL membrane 
surface), L site binding is most likely physiologically relevant. 
 
 
Figure 1.5.1 – Figure depicting the three different binding sites on cytochrome c: 
Kinnunen and coworkers’ A and C sites as well as Nantes and coworkers’ L-site.98 
 
Tuominen et al. expanded on the A- and C-sites by showing that ATP binding influenced 
C-site bound cytochrome c and has no effect on the A-site bound protein. Furthermore, 
they showed via circular dichroism (CD) measurements that A-site binding has minimal 
effect on the heme pocket structure. Acidic pH C-site binding, on the other hand, had 
pronounced effects on the CD spectrum.99 By measuring CD as a function of CL 
concentration with 100% CL liposomes to obtain binding isotherms, Sinibaldi et al. 
discovered two binding steps that had different binding affinities.100 These were eventually 
identified as the A-site (high affinity) and the C-site (low affinity). However, they also 
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found that salt inhibited or reversed the binding at both sites and that ATP competed for 
A-site binding. Clearly, this is at odds with previously published literature and was thus 
attributed to inconsistencies in the protocols by Sinibaldi et al. 
 
1.5.2 – Hydrophobic Interactions 
In later experiments, Kinnunen and coworkers showed the possibility of extended lipid 
anchorage, where one of the CL acyl chains inserts itself into the hydrophobic pocket of 
the protein. Sinibaldi and coworkers showed that two lysines residues (K72 and K79) are 
involved in the binding by guiding the CL acyl chain into the heme pocket.101 The 
proximity of the acyl chain to the heme pocket is what would allow cytochrome c to oxidize 
CL, a process known to occur in the steps before the release of cytochrome c into the 
cytosol. Kalanxhi and Wallace argued this point, proposing a channel close to multiple 
lysine residues (K72, K73, and K86) that is stabilized by A-site’s electrostatic 
interactions.102  
Another proposed process is the insertion of the protein into the membrane, something that 
has been proposed to occur when there is a high degree of protein crowding on the surface 
of the liposomes. At similar conditions with PG/PC membranes, the spectroscopic results 
(via previously described Raman studies)93 were consistent with the protein inserting itself 
into the membrane, where it allows for hydrophobic interactions. These hydrophobic 
interactions have been proposed to occur via a hydrophobic patch of residues 81-85, which, 
due to its close proximity to the M80 ligand, is expected to destabilize the M80 ligation. 
ESR measurements performed by Kostrzewa et al. showed that multiple lysine residues 
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(K25, K72, K86, and K87) are also involved in the cytochrome – membrane interaction by 
performing spin-labeled EPR measurements on DOPG bound cytochrome c.103 
 
1.5.3 – Recent Binding Models 
Recent work by Spiro and co-workers implicated the breaking of a hydrogen bond between 
residues 26 and 44 (histidine and proline, respectively) as a conformational trigger that 
leads to multiple changes in the protein’s structure that culminate in the dissociation of the 
M80 ligation to the iron. The authors proposed that this hydrogen bond breaks when H26 
interacts with CL, and that it is the subsequent disruption of M80 ligation that allows the 
protein to act as a peroxidase.104  
Pletneva and coworkers proposed a more elaborate model to describe the entire unfolding 
process that cytochrome c undergoes upon binding to CL.105 First, cytochrome c is 
expected to interact electrostatically with the CL headgroups via the many positive residues 
on its surface, with the most likely candidate being a lysine patch consisting of K73, K73, 
K86, and K87. Such an interaction and subsequent binding to the surface is what causes 
the H26 – P44 hydrogen bond to break, which leads to a structural rearrangement that 
results in the breaking of the M80 ligation, as Spiro and coworkers proposed. These 
researchers then proposed that the small 60’s helix (shown in Figure 1.3.4) interacts with 
the membrane, laying flat down on the surface of the membrane and pulling 40’s loop (also 
Figure 1.3.4, not labeled) closer to the heme. Furthermore, the C-terminal partially unfolds 
after inserting itself into the membrane, which in turn causes the N-terminal helix to 
dissociate away from the C-terminal helix. All of these changes lead to the extended (E) 
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conformer that Hong et al. described in their earlier works. In those experiments, the 
authors performed time resolved Förster resonance energy transfer (TR-FRET) on dye-
labeled cytochrome c that allowed the mapping of dye-to-heme distances and showed 
evidence for an equilibrium (with submillisecond exchange rates) between two different 
conformers.106 One of those states is a compact molten globule like state they termed the 
C-state, and another a much more extended conformer they termed the E-state. This is 
depicted in Figure 1.5.2. 
 
Figure 1.5.2 – Proposed conversion into a compact state (2) and subsequent conversion to 
the extended state (3-4) by Pletneva and coworkers.105 
 
More recently, Pandiscia and Schweitzer-Stenner proposed a binding model that came as 
a result of a global fitting procedure to circular dichroism, UV/Visible absorption, 
fluorescence spectroscopy and fluorescence anisotropy response data produced by the 
binding of cytochrome c in the presence and absence of NaCl to liposomes of different CL 
lipid content (20, 50, and 100 mol% TOCL, with the remaining fraction DOPC). With the 
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model, they proposed a CL-dependent unimolecular equilibrium for cytochrome c. First, 
cytochrome c binds to the membrane and retains a native-like conformation that does not 
fluoresce (hence the terminology of non-fluorescing, or nf-, state). This state dominates at 
low lipid-to-protein ratios, and is reminiscent of Pletneva’s C-state. The nf-state, as 
proposed, is not a single state but rather an ensemble of compact conformations, with some 
subsets of this population retaining the native M80 ligation and others losing it. However, 
as the CL concentration is increased, there is shift to a partially unfolded fluorescing state 
(termed the f-state) as the protein undergoes a conformational transition through which the 
fluorescing W59 moves away from heme. This state encompasses both hexa- and 
pentacoordinated states of the heme group, with the former being dominant and the latter 
being observed during cytochrome c binding to 100% TOCL liposomes.107 This model 
provided an explanation as to how cytochrome c was able to balance both of its functions, 
as the concentration of CL that cytochrome c comes into contact with are vastly different 
between normal operating conditions and an apoptotic cell. The binding scheme is 
illustrated in Figure 1.5.3. 
 
Figure 1.5.3 – Binding scheme proposed by Pandiscia and Schweitzer-Stenner, describing 
the process as a CL dependent equilibrium between a native-like (nf-) state and non-native 
(f-) states.107 
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1.6 – Research Outlook 
There have been many studies published on the cytochrome c – cardiolipin system in an 
attempt to characterize the protein’s involvement in apoptosis. From these studies it is clear 
that cytochrome c can undergo rather extensive conformational transitions, some of which 
can make the protein more likely to act as a peroxidase. However, with multiple binding 
models and sites proposed with a consensus on the highly electrostatic nature of this 
binding, there is still no clear consensus as to what the oxidation state of CL is. The model 
of Kates et al. that proposed the bicyclic stabilization of the monoionized state has been 
widely accepted and supported by calculations, contrary to what many early and some 
recent studies have indicated. Also, there have been a rather limited number of studies 
looking at the resonance Raman response during binding, which is initially surprising 
simply due to its usefulness in elucidating the many possible conformational states of heme 
proteins as has been outlined in the works of Spiro and Hildebrandt. 
The primary focus of this thesis will be a vibrational spectroscopy approach of resolving 
some of these issues, where an infrared spectroscopic analysis of the ionization state of CL 
and Raman analysis of cytochrome c binding to CL-containing liposomes will both be 
presented. With infrared spectroscopy, the phosphate group vibrations were specifically 
analyzed as a function of pH for different liposomes contents (100% CL, 20%/80% CL to 
PC, and 100% PC). Phosphate groups in phospholipids are highly sensitive to the ionization 
state, as the symmetric/asymmetric (PO2)
- vibrations observed in the ionized form are lost 
upon protonation to O=P-OH, and this is easily tracked with infrared absorption. In support 
of the experimental data, DFT normal mode analysis will be presented as well. As for the 
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study of binding itself, the resonance Raman response of cytochrome c was measured as a 
function of CL-liposome concentration. The photoreduction phenomenon, a reduction of 
the protein upon interaction with the laser excitation, was turned into a powerful tool to 
study the binding. Through spectral decomposition methods in the mold of those presented 
by Hilderbrandt and coworkers,92 a quantitative assessment of the binding will be presented 
and compared to the model of Pandiscia and Schweitzer-Stenner.107 
 
CHAPTER 2 – THEORY BEHIND SPECTROSCOPIC METHODS 
2.1 – Theory of Infrared Spectroscopy 
Infrared spectroscopy uses the absorption of infrared light to probe the vibrational modes 
of a molecule. The theory of infrared spectroscopy is discussed here briefly, with the 
derivation of the selection rules in the context of the harmonic oscillator. The harmonic 
oscillator wavefunctions are obtained by solving the Schrödinger equation with the 
potential energy operator V = kx2/2, i.e. the harmonic potential energy of a spring system. 
The stepwise solution has been shown elsewhere, with the following set of wavefunctions 
satisfying the differential equation:  
𝜓𝑛 = (
𝛼
𝜋
)
1
4
(
1
√2𝑛𝑛!
) 𝑒−
𝛼𝑥2
2 𝐻𝑛        𝑤ℎ𝑒𝑟𝑒 𝛼 =
𝑚𝜔
ℏ
 𝑎𝑛𝑑 𝜔 = √
𝑘
𝑀
 
where n is the quantum number, M is the reduced mass of the spring system, ω is the 
frequency of the vibration, k is the spring constant, x is the spatial coordinate displacement 
(in reference to the equilibrium position), and Hn are the physicists’ Hermite polynomials. 
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The harmonic oscillator has been often used to approximate molecular vibrations, and it 
can also be used to explain the selection rules for infrared spectroscopy. 
The transition probability from state n to m depends on the transition dipole moment 
integral, μnm: 
𝜇𝑛𝑚 = ∫ 𝜓𝑚
∗ 𝜇𝜓𝑛𝑑𝑞 
where μ is the dipole moment of the molecule and q refers to the normal mode coordinates. 
This dipole moment can be expanded in first order Taylor series: 
𝜇 ≈  𝜇0 + (
𝜕𝜇
𝜕𝑞
)
𝑞0
𝑞 
Inserting this approximation into the transition dipole moment integral gives rise to the 
following: 
𝜇𝑛𝑚 = 𝜇0 ∫ 𝜓𝑚
∗ 𝜓𝑛𝑑𝑞 + (
𝜕𝜇
𝜕𝑞
)
𝑞0
∫ 𝜓𝑚
∗ 𝑞𝜓𝑛𝑑𝑞 
Orthonormality dictates that the first term is zero when m≠n, meaning that the transition 
dipole moment for infrared transitions only depends on the second term. With the harmonic 
oscillator wavefunctions: 
𝜇𝑛𝑚 = 𝐴𝑚𝐴𝑛 (
𝜕𝜇
𝜕𝑞
)
𝑞0
∫ 𝐻𝑚𝐻𝑛𝑞𝑒
−𝛼𝑞2𝑑𝑞 
Where Am and An are the constants that are associated with each wavefunction. For the 
transition to occur, this term must be non-zero. This means that the spatial derivative of the 
dipole moment must be non-zero, i.e. there must be a change in the dipole moment. 
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Furthermore, the integral itself must be non-zero, which only occurs under the condition 
that m = n ± 1 due to the first order q term in the integrand, which constricts the product of 
the Hermite polynomials to odd functions only. These two conditions are the classical 
selection rules for infrared transitions. Expansions of the dipole moment to higher orders 
as well as anharmonicity lead to the relaxation of the latter selection rule, normally 
observed as overtones in the infrared spectra. 
It should be noted that a group theory approach can be taken to find which vibrational 
modes are infrared active. The irreducible representation of the vibrational mode, i.e. the 
excited vibrational state of the molecule, must transform as one of the spatial coordinates 
(x, y, or z) in the point group basis of the ground state, as can be inferred from the first 
order q term in the transition dipole moment integrand (since the ground state is totally 
symmetric, the only way to achieve a totally symmetric transition dipole moment integral 
with the q term is if the excited state transforms as one of x, y, or z). Carbon dioxide, a 
molecule of a D∞h point group, has four total vibrational modes, transforming as A1g, A1u, 
and E1u (or Σ+g, Σ+u, and Πu, respectively). Out of these, A1u transforms as z while E1u 
modes transform as x and y, meaning that they are infrared active while the A1g mode is 
not. These correlate with the asymmetric stretch of the carbon dioxide molecule (A1u) and 
the degenerate bending modes (E1u) being IR active while the symmetric stretch (A1g) is 
not (it is Raman active, however). Of course, this is easy to deduce without a group theory 
argument by the basic concept of a need in a change of the dipole moment, but such a 
simplified analysis can get rather complicated as the molecules grow larger. It should be 
noted that any vibrational modes of molecules with an inversion center that have a gerade 
irreducible representation are generally IR inactive. 
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Infrared spectroscopy has been classically used in identifying the presence of functional 
groups in the molecule, e.g. a sharp band around 1700 cm-1 being indicative of the presence 
of a carbonyl group. However, it should be noted that for most molecules, observed 
vibrational modes should not always be attributed to the isolated vibrations of just the 
functional group, as many vibrations are coupled to others.  
 
2.2 – Four Orbital Model 
In order to properly describe resonance Raman spectroscopy, Gouterman’s four orbital 
model for porphyrins must first be briefly discussed. This model aims at describing the 
UV/Visible spectrum of porphyrins, consisting of an intense B band and a much weaker Q 
band as shown in Figure 2.2.1. 
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Figure 2.2.1 – Optical absorption spectrum of both oxidation states of cytochrome c. 
Notice the clear difference in intensities between the B and Q bands. 
 
Following the calculations of Longuett-Higgins et al., the two highest occupied molecular 
orbitals (MO’s) for a porphyrin in D4h symmetry are of A1u and A2u symmetries, whereas 
the lowest unoccupied MO is of a doubly degenerate Eg symmetry. This leads to four 
possible electronic configurations of the excited state. However, if the A1u and A2u states 
are assumed to be accidentally degenerate, the resulting 50:50 mixing results in two 
degenerate electronic configurations, Q0x,y  and B
0
x,y, both in Eu symmetry, described as 
follows: 
|
|
𝑄𝑥
0
𝑄𝑦
0
𝐵𝑥
0
𝐵𝑦
0
⟩ =
1
√2 |
|
|𝐴2𝑢𝐸𝑔𝑥⟩ + |𝐴1𝑢𝐸𝑔𝑦⟩
|𝐴2𝑢𝐸𝑔𝑦⟩ − |𝐴1𝑢𝐸𝑔𝑥⟩
|𝐴2𝑢𝐸𝑔𝑥⟩ − |𝐴1𝑢𝐸𝑔𝑦⟩
|𝐴2𝑢𝐸𝑔𝑦⟩ + |𝐴1𝑢𝐸𝑔𝑥⟩
⟩ 
Where AaEgb denotes a one electron transition from Aa to the b component of the Eg MO. 
Since these states are degenerate, the configurational interactions splits them by an amount 
δ, leading to the observed positions of the Q0 and B0 bands. It can then be shown via the 
electronic dipole transition moments for the two excited configurations that the Q state is 
practically forbidden. However, the Q band is clearly observable in the spectra of many 
porphyrins. This is most likely due to the A1uEgb and A2uEgb not being entirely degenerate, 
leading to the unmixing of 50:50 mixed states. This can be accounted for by introducing 
an off-diagonal interaction parameter δA1g in the perturbation Hamiltonian and applying 
first-order perturbation theory. The resulting electronic configurations are: 
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||
𝑄𝑥
𝑄𝑦
𝐵𝑥
𝐵𝑦
⟩ = |
|
cos 𝜈 |𝑄𝑥
0⟩ − sin 𝜈 |𝐵𝑥
0⟩
cos 𝜈 |𝑄𝑦
0⟩ − sin 𝜈 |𝐵𝑦
0⟩
sin 𝜈 |𝑄𝑥
0⟩ + cos 𝜈 |𝐵𝑥
0⟩
sin 𝜈 |𝑄𝑦
0⟩ + cos 𝜈 |𝐵𝑦
0⟩
⟩ 
where ν is an unmixing parameter defined by: 
tan 𝜈 =
𝛿𝐴1𝑔
𝐸𝐵
0 − 𝐸𝑄
0 
where E0a refers to the energy of the non-perturbed (50:50 mixed) a electronic 
configuration. With this approach, it can also be showed that the splitting between the Q 
and B states is enhanced due to the unmixing, and that there is a consequent redistribution 
of intensities from the B to the Q band. 
So far, only the electronic contributions have been discussed. There are, however, vibronic 
contributions to the spectra, as well, leading to a defined Qv band and the asymmetry of the 
B band on the high energy side. Without details on the subject, both intrastate (Franck-
Condon and Jahn-Teller) and interstate (Herzberg-Teller) vibronic coupling mechanisms 
contribute to the vibronic structure of the electronic spectra. It should be noted that 
interstate coupling causes an increase in intensity of the Qv region, accounting for 
approximately 80% of its intensity. 
 
2.3 – Theory of Resonance Raman Spectroscopy 
The theory of Raman scattering has been well-established since the discovery of the Raman 
effect in 1929, and it is described in detail elsewhere.108-110 In short, Raman scattering 
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occurs as a spontaneous process that depends on the induced dipole moment ?⃑?, which in 
turn depends on the electric field component ?⃑? of the incoming radiation and the 
molecule’s polarizability tensor ?̂? as follows, described here in first order: 
?⃑? = ?̂??⃑? 
where the electric field component of the incoming radiation can be described as follows: 
?⃑? = 𝐸𝑜 cos(2𝜋𝜐0𝑡) 
where t is time and ν0 is the frequency of the incoming radiation. At the same time, the 
vibrational coordinates of the molecule during a vibration can be expressed as follows, per 
the harmonic oscillator: 
𝑄 = 𝑄𝑚𝑎𝑥 cos(2𝜋𝜐𝑣𝑖𝑏𝑡) 
where Qmax is the amplitude of the vibrational displacement and νvib is the frequency of the 
vibration. To account for changes in the polarizability during molecular vibrations, the 
polarizability can be expanded in a Taylor series to first order around the vibrational 
coordinates: 
?̂? = 𝛼0̂ +
𝜕?̂?
𝜕𝑄
𝑄 
Substituting these expressions into the induced dipole moment equation gives rise to the 
following equation: 
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?⃑? = ?̂?0𝐸𝑜 cos(2𝜋𝜐0𝑡) +
𝜕?̂?
𝜕𝑄
𝑄𝑚𝑎𝑥𝐸𝑜 cos(2𝜋𝜐0𝑡) cos(2𝜋𝜐𝑣𝑖𝑏𝑡)
= ?̂?0𝐸𝑜 cos(2𝜋𝜐0𝑡) +
𝜕?̂?
𝜕𝑄
{cos[2𝜋(𝜐0 − 𝜐𝑣𝑖𝑏)𝑡] + cos[2𝜋(𝜐0 − 𝜐𝑣𝑖𝑏)𝑡]} 
The first term in this equation describes elastic Rayleigh scattering, whereas the second 
term describes both Stokes and anti-Stokes scattering mechanisms characteristic of Raman 
scattering. Here, it is clear that Raman scattering requires a change in the polarizability 
tensor as a function of the vibration, i.e. the vibrational excited state representation must 
transform as any one of the second-order spatial coordinates in the point group of the 
ground state for a molecule. 
The main measurable Raman scattering result is scattered photons with energy losses 
corresponding to the molecule’s vibrational modes. Normal Raman scattering occurs on 
the order of 1 per 105 photons, with the rest being Rayleigh scattered, thus requiring 
powerful laser lines to achieve measurable Raman scattering. However, resonance Raman 
scattering leads to an enhancement of this effect. It occurs when the incoming radiation’s 
energy matches the energy of an electronic transition, leading to all vibrational modes that 
are vibronically coupled to the electronic transition to be resonance enhanced. 
The polarizability tensor elements for resonance Raman is calculated using the Kramers-
Heisenberg-Dirac equation, as follows: 
?̂?𝜌,𝜎 = ∑
⟨𝑓|𝜇𝜌|𝑖⟩⟨𝑖|𝜇𝜎|𝑔⟩
𝐸𝑖 − 𝐸𝑔 − ℏ𝜔 − 𝑖Γ𝑖
𝑖
+
⟨𝑓|𝜇𝜎|𝑖⟩⟨𝑖|𝜇𝜌|𝑔⟩
𝐸𝑖 + 𝐸𝑔 − ℏ𝜔 − 𝑖Γ𝑖
 
where ρ, σ=x,y,z are label the axis of a three-dimensional coordinate system defined by the 
directions of the transition dipole moments , ; g, f, and i refer to the total wavefunctions 
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of the ground, final, and intermediate states, respectively; Ei and Eg refer to the energies of 
the intermediate and ground states, respectively; ℏω refers to the energy of the incoming 
radiation, and Γi is the damping constant associated with the intermediate state. The first 
term describes the resonance contribution, while the second term describes the non-
resonance effects. The numerator in both terms describes two sequential electronic 
transitions (from g to i, then i to f).  Clearly, when the excitation energy lies close to the 
energy difference between the ground and intermediate states, the resonance term 
dominates and the non-resonance term can be neglected. 
 In order to specifically describe resonance Raman scattering in porphyrins, the total 
vibronic wavefunction must be considered. Through the Born-Oppenheimer 
approximation the vibrational wavefunction can be separate from the electronic one, with 
the vibronic wavefunction expressed as follows: 
𝜓𝑒,𝑣 = 𝜃𝑒(𝑟, 𝑄)𝜑𝑒,𝑣(𝑄) 
where ψ refers to the vibronic wavefunction, θ labels the electronic wavefunction for a set 
of nuclear coordinates Q and electronic coordinates r, and ϕ refers to the vibrational 
wavefunction of the electronic state e. Due to the Born-Oppenheimer approximation, the 
Q coordinate is fixed in the electronic wavefunction. Through an expansion of the 
electronic wavefunction with respect to the nuclear coordinates in first order (termed 
Herzberg-Teller expansion), the classical Albrecht theory can be derived to describe 
vibronic coupling. This leads to the classical A and B terms, with the A term describing 
the intrastate Franck-Condon coupling mechanism whereas the B term accounts for the 
intrastate coupling, with the final polarizability tensor element being the summation of the 
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two terms. Such an approach, however, is adiabatic in that it assumes a purely electronic 
energy of the electronic manifold in the denominator of the KHD equation. It also does not 
account for multimode mixing of all non-totally symmetric Raman modes. In order to 
account for these, a third-order perturbation theory approach must be applied to the 
vibronic wavefunctions. This was first applied to porphyrins by Shelnutt and Shea,111 
followed by Unger et al.83 as well as Schweitzer-Stenner et al.112 With this, the following 
expression for the polarizability tensor elements can be obtained (with multi-mode mixing 
terms neglected): 
?̂?𝜌,𝜎 = ∑
⟨𝑔|𝜇𝜌|𝑙⟩ ⟨𝑙|
𝜕𝐻𝑒𝑙
𝜕𝑄𝑟
|𝑚⟩ ⟨𝑚|𝜇𝜎|𝑔⟩⟨1|𝑄𝑟|0⟩
(𝐸0,0
𝑙,𝑟,𝜆 − ℏ𝜔 − 𝑖Γ0,0
𝑙,𝑟,𝜆)(𝐸0,0
𝑙,𝑟,𝜆 − 𝐸0,1
𝑚,𝑟,𝜆)
𝑚,𝑙
+ ∑
⟨𝑔|𝜇𝜎|𝑙⟩ ⟨𝑙|
𝜕𝐻𝑒𝑙
𝜕𝑄𝑟
|𝑚⟩ ⟨𝑚|𝜇𝜌|𝑔⟩⟨1|𝑄𝑟|0⟩
(𝐸1,0
𝑙,𝑟,𝜆 − ℏ𝜔 − 𝑖Γ1,0
𝑙,𝑟,𝜆)(𝐸1,0
𝑙,𝑟,𝜆 − 𝐸0,1
𝑚,𝑟,𝜆)
𝑚,𝑙
 
Here, r refers to the Raman active vibrational mode; m and l refer to separate equilibrium 
electronic manifolds while g refers to the ground state electronic manifold; 
𝜕𝐻𝑒𝑙
𝜕𝑄𝑟
 is the 
vibronic coupling operator, and numbers 0 and 1 refer to the vibrational quantum numbers. 
The formalism assumes that the scattering process starts in the vibrational ground state of 
the electronic ground state. The second and fourth terms in the numerator of both sums are 
elements of the vibronic coupling matrix, and they ultimately govern the resonance Raman 
activity. 
 
2.3.1 – Selection Rules for Raman 
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For the Raman effect to be observed, the polarizability tensor must change as a 
consequence of the vibration, as has been deduced above. This is best determined by a 
group theory approach, where the irreducible representation of the vibrational mode must 
transform as a second order spatial coordinate for the mode to be Raman active. 
As was stated before, the vibronic coupling matrix elements govern the Raman activity as 
presented above. Since the excited state for porphyrins (in D4h symmetry) have Eu 
symmetry per the four orbital model, the vibronic coupling parameter must transform as 
one of the subsets of the product Eu⊗Eu (A1g, A2g, B1g, or B2g). In D4h symmetry, this leads 
to 35 Raman active vibrational modes (9 A1g, 8 A2g, 9 B1g, and 9 B2g) for the heme group 
in cytochrome c, all of which are in-plane vibrations. However, depending on the 
excitation, modes of different symmetries can be preferentially enhanced. For example, 
with excitation in the Soret band region, the A1g modes are predominantly enhanced. Of 
course, there are different coupling mechanisms to consider. A1g modes can also induce 
Herzberg-Teller (QB/interstate) coupling. This leads to noticeable intensities if the 
excitation wavelength is between the B0 and Qv bands. Both Frank-Condon (FC) and Jahn-
Teller (JT) coupling are intrastate coupling mechanisms, with the former contributing to 
the A1g modes as well. With B1g and B2g modes, both HT and JT coupling contribute. For 
the A2g modes, only HT coupling contributes. 
 
2.3.3 – Resonance Raman Scattering in Porphyrins  
For porphyrins, resonance Raman scattering is a powerful tool. This is owing to the many 
structurally sensitive vibrations that are found in the high frequency region (1300-1700 cm-
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1), which are mainly assignable the vibrational modes of the tetrapyrrole macrocycle. A 
very prominent mode is ν4 (using notation of Abe et al.), an A1g oxidation state marker band 
exhibiting a ~13 cm-1 shift upon changes in oxidation state. Such a drastic difference has 
been attributed to an increase in electron density back donation from the iron center to the 
macrocycle’s π* orbitals upon reduction.  In the same region, ν3 and ν2 are other A1g-type 
structure sensitive modes that can also be used as spin-marker bands. In the same region, 
ν10 and ν11 are oxidation markers of the B1g-type, with the former also utilized as a spin 
marker band. Also, the ν19 (of B2g symmetry) is found in the same region, often 
complicating analysis for the spectral region where ν11, ν2, and ν19 overlap while giving 
little structural information. The frequencies of these marker bands for different heme 
configurations is tabulated in Table 2.1: 
 
Table 2.1. Structurally sensitive marker bands in the high frequency region of the 
resonance Raman spectra of cytochrome c. These are the canonical band positions, 
presented with notation per Abe et al. 
Heme Configuration High Frequency Marker Bands Frequencies (cm-1) 
Oxidation 
State 
Heme 
Species 
ν2 ν3 ν4 ν10 ν11 ν19 
Fe3+ 6cLS 1584 1502 1374 1635 1562 1582 
6cHS 1570 1485 1370 - - - 
5cHS 1577 1497 1371 1623 - - 
Fe2+ 6cLS 1591 1491 1361 1621 1548 1585 
5cHS 1572 1470 1354 1606 1547 - 
 
Here, it is evident that ν3, ν4, ν10, and ν11 can be used as oxidation state markers. However, 
due to the spectral overlap between ν2, ν11, and ν19, the use of ν11 band as an oxidation state 
marker band with excitation in the B-band region depends on the spectral resolution and 
the signal-to-noise ratio. Both ν2 and ν3 are great spin and ligation markers, and ν10 is a 
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great spin marker band due to it being somewhat isolated. Of these, however, ν3 and ν4 are 
highly isolated and can thus act as very isolated oxidation and spin markers. 
The heme in cytochrome c experiences a lot of steric interactions with the protein around 
it as well as the heme’s substituents, introducing some out-of-plane deformations to the 
porphyrin that lower the symmetry down from D4h. These distortions do have some 
influence on the high frequency marker bands, but the most prominent change is observed 
in the low frequency part of the spectrum. Out-of-plane vibrational modes are Raman 
forbidden in D4h symmetry because they transform as ungerade (except for Eg out-of-plane 
modes, which are Raman active but are not resonance enhanced). However, these modes 
become resonance Raman active upon introduction of symmetry lowering out-of-plane 
deformations such as ruffling (the natural state of the heme in cytochrome c) or doming 
(the predominant deformation found in oxygen-carrying proteins such as hemoglobin and 
myoglobin). These deformations can be quantified by a structural decomposition method 
proposed by Shelnutt and coworkers,34, 113 where the crystal structure of the protein is used 
to characterize and quantify the in-plane and out-of-plane distortions. 
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CHAPTER 3 – MATERIALS AND METHODS 
3.0 – Sample Preparation 
3.0.1 – Liposome Preparation 
Both 1,1′2,2′-tetraoleyl cardiolipin (TOCL) and 1,2-dioleyl-sn-glycero-3-phosphocholine 
(DOPC) were purchased from Avanti Polar Lipids (Alabaster, AL) as sodium salts. 100% 
TOCL and 20% TOCL/80% DOPC liposomes were prepared by adopting the protocol of 
Hanske et al.75 After being dissolved in a 2:1 methanol/chloroform mixture in a round 
bottom flask, the solutions were rotary evaporated for half an hour until a dry lipid film 
formed. The flask was then placed into a sealed calcium chloride dessicant overnight. The 
film was rehydrated with a 25 mM HEPES buffer to achieve a final lipid concentration of 
either 10 mM (infrared experiments) or 25 mM (resonance Raman experiments). The 
resulting solution was ultrasonicated in an ice bath for an hour at 100 W. The sonicated 
sample was centrifuged at 12,000 rpm for 40 min to remove traces of titanium from the 
sonifier tip. The supernatant was extracted and left to stabilize overnight. All liposome 
solutions were stored under nitrogen to prevent oxidation.  
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3.0.2 – Liposome Follow-Up for Infrared Experiments 
The pH of all solutions was adjusted by adding small aliquots of 1.25 M hydrochloric acid 
(HCl) or 1.25 M sodium hydroxide (NaOH), and then measured with an Accumet® pro pH 
probe. The target pH range was 5–12 for DOPC and 2–12 for TOCL. The total lipid 
concentration for all experiments was 10 mM. The CL-solution was checked with light 
scattering, making sure that a homogeneous distribution with a diameter of ca. 50-60 nm 
was obtained.  
 
3.0.3 – Cytochrome c Preparation 
All cytochrome c stock solutions were prepared in line with the protocol first reported by 
Alessi et al.84 First, unpurified cytochrome c obtained from Sigma-Aldrich (St. Louis, MO) 
was dissolved in 25 mM HEPES buffer. After bringing the pH of the solution to 11.5, a 
minimal amount of potassium ferricyanide was added to the system to completely oxidize 
the protein. After the protein sample was allowed to oxidize for approximately one hour at 
5 °C, the solution was passed through a Sephadex column (pre-treated with potassium 
ferricyanide to account for the reducing nature of the column) to purify the protein sample 
of any hexacyanoferrates. The concentration of the final cytochrome sample was 
determined by measuring the absorbance of the Soret band. 
 
3.0.4 – Preparation of Protein/Liposome Mixtures 
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Samples at each lipid-to-protein ratio were prepared by adding a constant volume of a 
protein stock to samples with varying liposome content, with a final protein concentration 
of 100 μM adjusted by adding HEPES buffer before adjusting the final pH to 7.0 with minor 
additions of HCl when needed. All samples were prepared fresh and allowed to equilibrate 
for 30 min prior to any measurements. 
 
3.0.5 – Preparation of Photoreduction-Prone Samples 
To achieve photoreduction, potassium ferrocyanide (Aldrich Chemical Company) was 
added in a 4:1 ratio during the preparation of the protein/liposomes mixtures. This ratio 
was selected based on multiple measurements, being the lowest ratio where complete 
photoreduction was occurring. 
 
3.0.6 – Dynamic Light Scattering 
Particle radii measurements were obtained using a Horiba Lb 500 Dynamic Light 
Scattering Particle Size Analyzer (Edison, NJ). A 10 mm path length quartz cuvette was 
used to collect data at room temperature. 
 
 
3.1 – Spectroscopic Measurements 
3.1.1 – Infrared Spectroscopy 
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All spectra were obtained with a PerkinElmer Spectrum One FT-IR spectrometer, focused 
on the spectral region between 1000 and 1300 cm−1, which contains bands assignable to 
vibrations of the phosphate groups. A transmission cell made of two barium fluoride 
crystals with 50 μm Teflon spacer was used to hold the sample while 32 background 
corrected scans were taken over a span of about 2 min. Furthermore, background scans of 
the buffer itself were taken under the same conditions and subtracted from the liposome 
spectra. 
3.1.2 – Resonance Raman Spectroscopy 
All Raman spectra were obtained by using a Renishaw RM-1000 Ramascope with a BH-2 
confocal Raman microscope. All spectra were obtained with 442 nm excitation (HeCd, 
Kimmon) with a final laser power of approximately 20 mW at the sample, and the 
spectrometer was calibrated by a silicon wafer by setting the silicon peak to 520.0 cm−1. 
Multiple spectra for each sample were taken (and later averaged in MULTIFIT) after 
relocating the laser focal point in between subsequent spectra to reduce any effects from 
prolonged laser exposure. 
For all Raman spectra of cytochrome c with liposomes, Mie scattering affects the spectral 
background and complicates spectral analysis. To correct this, spectra of pure liposomes at 
the same concentration as in the protein sample were taken and subtracted from 
protein/liposome spectra. This corrected the baseline and made the spectral analysis 
straightforward. 
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CHAPTER 4 – RESULTS AND DISCUSSION 
This section is reproduced in part from the following publications: 
Dmitry Malyshka, Leah A. Pandiscia, and Reinhard Schweitzer-Stenner. Cardiolipin 
containing liposomes are fully ionized at physiological pH. An FT-IR study of 
phosphate group ionization. Vibrational Spectroscopy. 2014, 75, 86. 
Dmitry Malyshka and Reinhard Schweitzer-Stenner. Ferrocyanide-Mediated 
Photoreduction of Ferricytochrome c Utilized to Selectively Probe Non-native 
Conformations Induced by Binding to Cardiolipin-Containing 
Liposomes. Chemistry - A European Journal. 2017, 23, 1151. 
Bridet Milorey, Dmitry Malyshka, and Reinhard Schweitzer-Stenner. pH Dependence of 
Ferricytochrome c Conformational Transitions during Binding to Cardiolipin 
Membranes: Evidence for Histidine as the Distal Ligand at Neutral pH. Journal of 
Physical Chemistry Letters, 2017, 8 (9), 1993. 
4.1 – Introduction 
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Cytochrome c is now known to be a multifaceted protein localized in the mitochondria. In 
a healthy cell, it is responsible of shuttling an electron from Complex III (cytochrome bc1 
complex, i.e. cytochrome c reductase) to Complex IV (cytochrome c oxidase), a role it can 
perform only in its native conformation due to the rather high redox potential that the 
methionine ligand enforces. This shuttling process drives the pumping of protons into the 
intermembrane space from the matrix, creating an electrochemical gradient that drives the 
formation of ATP at the ATP synthase complex. However, relatively recent studies have 
revealed its vital role in apoptosis. Upon interacting with cardiolipin, cytochrome c adopts 
a peroxidase-active conformation, oxidizes cardiolipin, and escapes the mitochondria 
through a series of biochemical steps where it can bind to Apaf1. The question as to what 
concentration of cardiolipin causes such an effect as well as the specific details of these 
conformational transitions are still outstanding, and this has led many groups to study the 
binding of cytochrome c to CL membranes, namely liposomes and vesicles of varying 
sizes. As outlined in detail above, much of the information regarding the different binding 
sites and binding modes has been found from these binding studies, but some questions 
still stand. 
The goal of this study is to answer some of the outstanding questions. The protonation state 
of CL under physiological conditions has been a contested topic, with some subscribing to 
the bicyclic model of the monoionized structure59 over the expected doubly ionized form 
of cardiolipin as the classical studies have suggested.61 It is vital to resolve this issue in 
reference to the cytochrome c – CL interactions due to the highly electrostatic nature of 
these effects as well as the requirement for CL (or protein) protonation for the C site 
binding to occur. To resolve this, the phosphate group vibrations of both CL and PC 
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vesicles are probed via infrared spectroscopy over the pH range. The data indicate that CL 
undergoes a protonation below the pH of 5.0 (approximately the same pH where Kinnunen 
and co-workers observed C-site binding),94 but no deprotonation was observed between 
the pH values of 7 and 12. This is clearly at odds with the bicyclic model, and indicates 
that CL in CL-containing membranes is doubly ionized at neutral pH. Along with the 
infrared studies, DFT normal mode calculations are used to support the experimental data. 
Furthermore, it is clear that cytochrome c undergoes conformational transitions upon 
binding to CL membranes, but it is not clear as to which of these observed changes cause 
the protein to gain peroxidase activity. The recently published binding model by Pandiscia 
and Schweitzer-Stenner,107 supporting the model of Pletneva and co-workers,105 described 
the conformational transitions as a CL-dependent equilibrium between a native-like non-
fluorescing (nf-) state and partially unfolded pentacoordinated and hexacoordinated 
fluorescing (f-) states. The conformational identity of these states, however, was not 
entirely clear, with no direct evidence yet presented as to what ligand (histidine or lysine) 
replaces the native methionine. To resolve this, resonance Raman spectroscopy was 
utilized to study the conformational transitions of cytochrome c on the CL-membrane 
surface. A new method was developed where photoreduction, a classically detrimental 
phenomenon in the studying of heme proteins, was used to elucidate the bound non-native 
conformers of the protein. The spectral data indicates that most of the protein adopts a low-
spin configuration if the binding occurs at neutral pH. When exploring the binding at the 
pH of 6.5 (where L-site binding is expected to compete with the A-site and histidine is 
protonated), there are clear differences that can be observed. The protein exists 
predominantly in a high-spin state (both pentacoordinated and water-ligated 
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hexacoordinated). Furthermore, this new type of binding is shown to be electrostatic in 
nature, consistent with the L-site binding of Nantes and coworkers.97 Due to this difference 
existing when histidine is protonated, these data point to histidine being the likely ligand 
replacing the native methionine during CL-induced unfolding at neutral pH. 
 
 
4.2 – Infrared Results in the Study of CL’s Phosphate Group Ionization 
To elucidate the degree of phosphate head group protonation of CL and PC, the primary 
focus was on the part of the spectrum between 1000 and 1300 cm-1. Generally, a rather 
broad band in the region between 1200 and 1300 cm-1 is assigned to asymmetric OPO 
stretch combinations, whereas the broad and asymmetric band between 1000 and 1100 cm-
1 is attributed to the symmetric OPO stretch of the deprotonated phosphate group.114 Figure 
4.2.1 exhibits these spectral regions for 100% TOCL and 100% DOPC, respectively, 
recorded at pH 5.0. TOCL has a phosphate content twice that of DOPC, and it is reflected 
in its spectrum being roughly twice as intense. DOPC and TOCL spectra measured at 
different pH were self-consistently fitted with a spectral model comprising of a minimal 
amount of Gaussian bands for which the wavenumber positions and halfwidths were kept 
constant, with the resulting fit shown in Figure 4.2.1. The thus performed spectral 
decomposition should be regarded as a minimal model, which cannot fully account for the 
spectral density in the investigated frequency region. As is shown below, however, the 
decomposition allowed the narrowing of the spectral region which is dominated by 
contributions assignable to P-O and P=O stretching modes. 
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Figure 4.2.1 - Decomposed spectra of 100% cardiolipin liposomes (top) and 100% 
phosphatidylcholine liposomes (bottom) at a pH of 7. The decomposition bands shown 
here are the ones used for the fitting model for the respective liposome spectra across the 
pH range, obtained as described in the text.115 
 
Figs. 4.2.2 and 4.2.3 display the integrated intensities of the obtained bands of DOPC and 
TOCL as a function of pH. Within the limit of experimental accuracy, the DOPC band 
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intensities do not show any significant pH-dependence. This was, of course, expected due 
to the extreme pKa values required to obtain any pH related changes such as deprotonation 
of the choline or protonation of the phosphate. The small variations of the data points can 
be considered as a measure of their statistical uncertainty. For TOCL, however, the 
situation is different. Bands at 1094 cm-1, 1073 cm-1 and 1213 cm-1, the intensity of which 
decrease as function of pH below pH 5, while two bands at 1016 cm-1 and 1192 cm-1 
become concomitantly more intense. There is no significant pH-dependence of the TOCL 
spectrum above pH 7.0, contrary to what the bicyclic stabilization model suggests. The 
data thus do not provide any evidence for a half-protonated state of the CL head group 
being populated at neutral pH. All the other bands are either pH independent or exhibit 
only a weak pH-dependence, which indicates minor contributions of PO vibrations to their 
normal modes. 
 
 
Figure 4.2.2 - Integrated intensity of the bands of the 100% phosphatidylcholine liposomes 
plotted against the pH. The six bands shown here are centered at 1042 cm-1 (black circle), 
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1060 cm-1 (white circle), 1095 cm-1 (black triangle), 1076 cm-1 (white triangle), 1218 cm-
1 (black square), and 1242 cm-1 (white square).115 
 
 
Figure 4.2.3 - Integrated intensity of bands constituting the IR spectrum of 100% 
cardiolipin liposomes plotted as a function of pH. The band intensities were obtained from 
a spectral decomposition of spectra measured between 1000 and 1300 cm−1. The bands are 
labeled as follows: 1017 cm−1 (black circle), 1047 cm−1 (white circle), 1074 cm−1 (black 
triangle, down), 1094 cm−1 (white triangle, up), 1145 cm−1 (black square), 1164 cm−1 (white 
square), 1176 cm−1 (black diamond), 1193 cm−1 (white diamond) and 1214 cm−1 (black 
triangle, up).115  
 
The pH-dependence of the TOCL spectrum in the acidic region is further illustrated in Fig. 
4.2.4, which displays the difference between the spectrum measured at pH 7 and that 
measured at the indicated pH. The positive signals in these difference spectra represent the 
bands whose intensity is reduced toward acidic pH, whereas the negative peaks indicate 
contribution from the protonated state, which increase with decreasing pH. It makes sense 
to assign the former to symmetric and antisymmetric combinations of POO− stretching 
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modes and the latter to modes of the protonated lipid which involves PO stretching. A more 
detailed assignment is given based on the normal mode analysis described below. 
 
 
Figure 4.2.4 - Difference infrared spectra across the acidic pH region as compared to 
neutral pH for 100% cardiolipin liposomes between 1000 and 1300 cm−1. The spectra 
shown here are obtained by subtracting the spectrum of 100% CL liposomes measured at 
pH 2 (solid), pH 3 (dotted), pH 4 (dashed), and pH 5 (dashed and dotted) from the spectrum 
obtained for the same liposomes at neutral pH.115 
 
The inner mitochondrial membrane has a mixture of phospholipids, with the cardiolipin 
concentration standing roughly at 20%. Therefore, the question arises whether liposomes 
with a 100% CL are truly representative of what one can expect on the surface of the 
mitochondrial inner membrane. In principle, it can be argued that if mixed protonation 
states are not obtained on a surface with the high charge density of the 100% TOCL 
liposomes, one would not expect them to occur if only 20% of the liposome surface is 
occupied with TOCL. However, since size and curvature of membranes are affected by the 
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charge distribution, 20% TOCL/80% DOPC liposomes were also checked even though 
some difficulties discerning the phosphate changes due to low TOCL content were 
expected. Therefore, IR absorption spectra of 20% TOCL/80% DOPC liposomes were 
measured as a function of pH in the acidic region. No noticeable spectral changes in pH 4–
7 range were observed. At pH 3 and 2, however, the intensity of the high energy part of the 
low wavenumber band (below 1100 cm−1) decreases, as obtained for 100% TOCL. The 
underlying bands are assignable to combination of POO− stretching vibrations to be 
specified below. Expected spectral changes in the regions below 1050 cm−1 and in the 
region between 1250 and 1300 cm−1 seem to be much weaker. However, as indicated in 
Fig. 4.2.5, spectra changes in the region between 1050 and 1100 cm−1 are clearly dominant, 
so that the difficulty to detect the other changes in the spectra of the 20% TOCL/80% 
DOPC mixture is not too surprising. 
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Figure 4.2.5 - FT-IR absorbance spectra of 20% TOCL/80% DOPC liposomes measured 
at different pH values between 2 and 7. The individual spectra are plotted as follows: pH 2 
(solid), pH 3 (dotted), pH 4 (short dash), pH 5 (dashed and dotted), and pH 7 (long dash).115 
 
DFT calculations were performed on the head group of the lipid (Fig. 4.2.6) in vacuo on a 
B3LYP 6-31G** level of theory. After a geometry optimization, a normal mode calculation 
was carried out. The wavenumbers of all modes obtained were real, indicating that the 
optimized structure belongs to a minimum of the energy surface. The calculations were 
carried out with the program TITAN from Schrödinger, Inc. This procedure yielded 28 
vibrations in a window between 1000 and 1600 cm−1. Fig. 4.2.7 depicts the spectral density 
of the vibrational spectrum, i.e., the number of modes in a wavenumber interval of 20 cm−1. 
Regions containing phosphate group vibrations are marked gray. Most of the modes 
obtained are more or less delocalized combinations of CH bending, CH2 and CH3 
deformation modes with some admixtures from CO and CC stretching and OH bending 
modes. Stretching vibrations of the two phosphate groups are relatively localized. The 
frequencies of two nearly unmixed antisymmetric OPO stretching modes of the two 
phosphate groups were obtained as 1307 and 1303 cm−1. There is relatively limited overlap 
with CHn deformation modes at the high energy side, while some overlap with non-
phosphate group modes is predicted for the low energy side of these two bands. The 
situation is less clear with regard to the symmetric OPO-stretching vibrations. There are 
four normal modes between 1090 and 1130 cm−1 with admixtures from OPO symmetric 
stretching vibrations. This region is somewhat separated from a broad spectrum of partially 
highly delocalized CHn-deformation modes. 
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Figure 4.2.6 - Structure of the bi-phosphate head group of ionized (a) and protonated 
cardiolipin (b) obtained from DFT based geometry optimization. These structures were 
used to calculate the normal modes discussed in the text. Notice the truncation after the 
phosphate groups via a methyl group.115 
 
 
Figure 4.2.7 - Spectral density representation for the frequency interval between 1000 and 
1600 cm−1 as obtained from the normal mode calculation of the compounds in Fig. 4.2.6. 
The ordinates display the number of modes obtained in 20 cm−1 intervals the lower ends 
being indicated on the abscissas (1500 cm−1 means all modes between 1500 and 1599 cm−1 
were counted). The upper panel exhibits the mode distribution for the ionized and the 
lowerpanel the mode distribution for the fully protonated compound. Bars in black 
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represent combinations of CH deformation and CC stretching modes. Gray bars represent 
modes with a substantial contributions from PO, PO and CP stretching modes.115 
A comparison of this normal mode analysis with the decomposed IR spectra suggests that 
the band at 1213 cm−1 results from an overlap of the two barely interacting antisymmetric 
OPO stretching modes. Bands at lower and higher wavenumbers are assignable to 
combinations of CH deformation modes. The bands at 1073 and 1094 cm−1 should both be 
related to OPO symmetric stretching modes. The occurrence of two pH dependent bands 
is in good agreement with the results of normal mode calculations presented here which 
suggest that OPO symmetric stretch-containing modes are spread over a much larger 
spectral interval than OPO antisymmetric modes. 
DFT and subsequent normal mode calculation for the fully protonated species was also 
performed, the structure of which is also shown in Fig. 4.2.6. The spectral density 
distribution is depicted in the lower panel of Fig. 4.2.7. This reveals three modes with 
contributions from PO stretch at wavenumbers of 1314, 1316 and 1330 cm−1. The PO 
modes are more delocalized than their counterparts of the fully ionized phosphate groups. 
The mode exhibiting a frequency of 1314 cm−1 is an in-phase and the corresponding mode 
at 1330 cm−1 an out-of-phase combination of the two PO stretching modes. Based on the 
pH dependence displayed in Fig. 4.2.3, the band at 1192 cm−1 is assigned to an overlap of 
these two modes, from which the out-of-phase combination can be expected to be more 
intense in an IR spectrum. Thus, band(s) assignable to PO modes were obtained at slightly 
lower wavenumbers than the bands resulting from antisymmetric POO modes, while the 
DFT calculations suggest the opposite behavior. To rationalize this discrepancy one has to 
consider the fact that the wavenumbers of PO stretching modes stretch over a very broad 
region between 1130 and 1260 cm−1, depending on the chemical environment. The 
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observed experimental value of 1192 cm−1 lies well in this region. On the contrary, the 
wavenumbers of the asymmetric and symmetric OPO− stretching modes exhibit a much 
less pronounced variation. The band at 1016 cm−1, the intensity of which increases also 
with decreasing pH, cannot be assigned to a mode with PO stretching content. The normal 
mode calculations rather suggest that it should be assigned to a mixture of CH bending and 
PO, OC and CC stretching vibrations with a normal mode frequency of 1029 cm−1. This 
band is of course absent in the spectrum of the ionized state of the peptide. 
A comparison of calculated and measured frequencies reveals modest scaling factors: 0.9 
for POs, 0.92 for the antisymmetric OPO modes, 0.92 for their symmetric counterparts and 
0.98 for the PO stretch – OH bending combination. 
Thus far, not much effort has been invested into a vibrational analysis of the hydrophilic 
head group of cardiolipin. Hydrated phosphodiesters usually exhibit bands between 1220 
and 1230 cm−1 (asymmetric stretch) and 1085–1115 cm−1 (symmetric stretch). Hübner et 
al. measured the IR spectra of 100% cardiolipin and assigned the peak wavenumbers of the 
broad bands in the 1000–1150 cm−1 and 1200–1250 cm−1 region to the symmetric (1090 
cm−1) and antisymmetric (1215 cm−1) modes.114 Results presented here suggest that the 
peak in the 1200 cm−1 region is indeed close to the band assignable to the antisymmetric 
OPO vibration, while a somewhat more nuanced picture emerges for the symmetric stretch 
combinations, which contributes to several normal modes and therefore covers a broader 
spectral region. Substantial fractions of the two bands do result from rather delocalized 
CH-deformation modes. The interference with all types of coupled CH bending and 
deformation modes as well as CC stretching modes can be expected to be much pronounced 
in CL than in this truncated model system owing to additional contribution of the lipid 
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carbon hydrate chains. Some calculations were performed for a larger complex which 
contained the CL head and the interface between head groups and the carbon hydrate chains 
at the HF 6-31G** level of theory. They revealed strong overlap between modes of highly 
coupled CH deformation and e.g., modes with a strong contribution from POO− 
antisymmetric stretching. The result explains why the bands that were assigned to 
stretching modes of the protonated and ionized phosphate groups do not go to zero at 
neutral (PO) and acidic pH (POO). They either overlap with combinations of CH 
deformation modes or the phosphate stretching modes constitute just a fraction of the 
eigenvectors of the modes, which contribute to this spectral region. It should be noted that 
the pKa values could not be properly determined due to the instability of the liposomes 
below the pH of two as well as the inability to isolate any spectral bands that could be 
solely attributed to the phosphate vibrations rather than vibrations of multiple parts of the 
molecule. 
 
4.3 – Raman Studies of Ferricytochrome c Binding to CL-Containing Membranes 
Resonance Raman experiments on oxidized cytochrome c with excitation in the visible 
region (>400 nm) have been plagued by photoreduction in the past, a known phenomenon 
with no clear explanation. Alessi et al. showed84 that photoreduction can also be avoided 
by oxidizing the protein with potassium ferricyanide and purifying the sample at pH 11.5, 
when the binding of hexacyanoferrates to lysine side-chains is inhibited, before returning 
the protein to pH 7.0. The success of their protocol suggests that hexacyanoferrate artifacts 
in the sample are the electron source for photoreduction. The results of this study led to a 
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hypothesis that one could actually utilize ferrocyanide-based photoreduction of oxidized 
cytochrome c to distinguish between native-like and non-native-like proteins attached to 
CL on liposome surfaces. Because the respective redox potentials are significantly different 
(220 mV for native like states, −200 mV for non-native states), it seemed likely that 
photoreduction would only affect native-like conformations that still feature M80 as sixth 
heme ligand. 
As an initial proof of concept, resonance Raman spectra of native oxidized cytochrome c 
in the presence and absence of ferrocyanide in the region between 1300 and 1700 cm−1 
with 442 nm excitation were recorded. This region contains all the relevant marker bands, 
that is, ν4, ν3, ν11, ν2, and ν10, which exhibit major changes of their respective wavenumber 
positions upon a change of the iron's oxidation state (using the notation of Abe et al.). The 
two spectra are shown in Figure 4.3.1. The protocol of Alessi et al.84 was used to fully 
oxidize and purify the protein. After adding ferrocyanide to the protein solution with a 
stoichiometric ratio of 4:1 at pH 7.0, the observed spectrum indicated practically complete 
photoreduction. All prominent marker bands in the respective spectrum presented in Figure 
4.3.1 showed wavenumber shifts that are diagnostic of a reduction of the heme iron (e.g., 
from 1374 to 1361 cm−1 for the classical oxidation marker ν4). Therefore, the conclusion is 
that native oxidized cytochrome c can be photoreduced in the presence of an excess of 
ferrocyanide. 
 
71 
 
 
 
Figure 4.3.1 - Resonance Raman spectrum in the marker band region of non-
photoreducible oxidized cytochrome c (black) taken with 442 nm excitation. The 
accompanying spectrum in red is of the same protein taken the next day in the presence of 
potassium ferrocyanide at a 4:1 salt to protein molar ratio.116 The bands are labelled 
according to band assignments of Abe et al. 
 
Thus, RR spectra of mixtures of 100 μM ferricytochrome c and CL-containing SUVs in 
the presence of potassium ferrocyanide were measured. Figure 4.3.2 shows the high-
frequency RR spectrum of ferricytochrome c obtained with an effective cardiolipin 
concentration of 500 μM in the outer layers of 20 % TOCL/80 % dioleylphosphocholine 
DOPC SUVs. This composition was chosen to allow a direct comparison with the 
spectroscopic data of Pandiscia and Schweitzer-Stenner.107 The spectrum was decomposed 
into its individual Lorentzian bands. The band profiles of the canonical marker bands ν4, ν3, 
and ν10 showed distinguishable contributions from both oxidation states, proving that the 
binding of the protein to the liposome surface can at least partially inhibit photoreduction. 
Because ν4 is the most intense and isolated oxidation marker band in the spectrum, for 
which resonance Raman excitation profiles (REPs) of both oxidation states of the protein 
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have been reported in the literature, it was chosen as a tool for the subsequent quantitative 
analysis. 
 
 
Figure 4.3.2 - High-frequency region of the resonance Raman spectrum of 100 
μM (oxidized) cytochrome c in the presence of 20 % DOPC/ 80 % TOCL liposomes (500 
μM) and ferrocyanide anions at pH 7.0 taken with 442 nm excitation. Major vibrational 
bands are labelled according to band assignment of Abe et al. Bands attributable to the 
reduced and oxidized species are highlighted in red and blue, respectively.116 
 
To further explore the relationship between photoreduction and protein binding to CL-
containing liposomes, RR spectra of cytochrome c: liposome mixtures as a function of CL 
concentration were measured. The observed spectra indicated an almost complete 
inhibition of photoreduction at high lipid concentration, consistent with the predicted 
predominance of a fraction of non-native proteins. This is clearly demonstrated by 
difference spectra of the high frequency region in Figure 4.3.3, in which the spectrum of 
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cytochrome in solution (which is almost entirely in the reduced state due to photoreduction 
in the presence of ferrocyanide) is subtracted from spectra recorded for the indicated 
lipid/protein ratio. All spectra were normalized on the structure insensitive ν21 band. The 
use of an internal standard (e.g., sodium perchlorate) is prohibitive because the necessary 
concentration (0.1 M or higher, if the protein’s resonance enhancement is taken into 
account) would certainly partially inhibit protein binding to the employed SUVs (because 
of its binding constants of 960 and 310 M−1, the ferrocyanide concentration of 0.4 mM is 
too low to cause such an undesired side effect). The difference spectra in Figure 
4.3.3 display the development of a negative maximum at 1361 cm−1 and of a positive 
maximum at 1374 cm−1, at the position of the ν4 band for reduced and oxidized species, 
respectively, which is the clearest indication that photoreduction is being inhibited upon 
binding to CL-containing SUVs. Both, ν3 and ν10 show similar trends, although a 
disproportional overall decrease of ν3 intensity was observed in the oxidized state. 
Although both ν2 and ν11 also exhibit oxidation-state-dependent changes, the signal-to-
noise ratio is insufficient for a quantitative assessment. Of note is an approximately 2 
cm−1 downshift of the ν4 of the oxidized protein at high cardiolipin concentration, which 
can be indicative of a formation of a water-ligated high-spin ferricytochrome c species. 
Along with pentacoordinate high-spin conformations, such species would be a prime 
candidate for peroxidase activity, but these assignments cannot be currently confirmed by 
the appearance of corresponding ν3 spin-marker band around 1484 and 1492 cm−1. 
 
74 
 
 
 
Figure 4.3.3 - Difference spectra in the high-frequency region of resonance Raman spectra 
of oxidized cytochrome c in the presence of 20% DOPC/80% TOCL SUVs at the indicated 
CL concentrations, obtained as was described in the text. Positions of major bands are 
labelled according to band assignments of Abe et al., and arrows indicate the evolution of 
extrema in the difference spectra for increasing cardiolipin concentrations.116 
 
To relate these results to the binding model by Pandiscia and Schweitzer-Stenner,107 the 
fraction of the photoreduction-resistant protein was first determined. Taking the intensities 
of the two sub-bands of the ν4 allowed a quantitative determination of the fraction of the 
oxidized species after accounting for the different Raman excitation profiles (see the 
Experimental Section for details). The thus obtained fraction of oxidized proteins is shown 
in Figure 4.3.4 as a function of cardiolipin concentration. To explore how these fractions 
of ferricytochrome c compare with the concentration dependence of the population of the 
nf- and f-states reported by Pandiscia and Schweitzer-Stenner,107 the following expression 
was fitted to the fraction of oxidized state (fox) data: 
𝑓𝑜𝑥 =  𝛼𝑛𝑓𝜒𝑛𝑓([𝐶𝐿]) + 𝛼𝑓𝜒𝑓([𝐶𝐿]) 
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Where χnf and χf are mole fractions of the nf- and f-states calculated as a function of CL 
concentration through the global fitting analysis presented by Pandiscia and Schweitzer-
Stenner, and αnf and αf are scaling parameters associated with those mole fractions. In 
effect, these parameters are fractions of the non-native (i.e. photoreduction-resistant) states 
in both the nf- and f-states, as these should be the primary states contributing to the 
photoreduction. The solid line in Figure 4.3.4 shows the results of this fit. The scaling 
coefficients αnf and αf obtained from the fit are 0.5 and 1.25, respectively. These values 
support the assumption that the f state should be the primary contributor to the 
photoreduction-resistant fraction. Ideally, the value for αf should be 1. The somewhat 
higher value might be due to a slight underestimation of the Raman cross-section. If one 
renormalizes αf onto 1, one obtains a rescaled value of 0.4 for αnf. 
 
 
Figure 4.3.4 - Fraction of oxidized cytochrome c plotted as a function of cardiolipin 
concentration in the outer leaflet of 20 %TOCL/80 %DOPC (open circles) and of 100 % 
TOCL liposomes (solid circles). The solid and dashed lines result form a fitting procedure 
described in the text.116 
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To further substantiate the relationship derived above between mole fractions obtained of 
photoreduced and oxidized species and the populations of the nf and f conformations 
reported by Pandiscia and Schweitzer-Stenner, Raman spectra of cytochrome c mixed with 
different amounts of SUVs formed with 100 %TOCL were also recorded and analyzed. A 
representative Raman spectrum and the corresponding difference spectra are shown in 
Figures 4.3.5 and 4.3.6. 
 
 
Figure 4.3.5 - High frequency region of the resonance Raman spectrum of a 100 µM 
solution of oxidized cytochrome c in the presence of 100% TOCL liposomes (500 µM) and 
ferrocyanide anions taken with 442 nm excitation. Major vibrational bands are labelled 
according to band assignment of Abe et al. Bands attributable to the reduced and oxidized 
species are highlighted in red and blue, respectively.116 
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Figure 4.3.6 - Difference spectra in the high frequency region of resonance Raman spectra 
of oxidized cytochrome c in the presence of 100% TOCL SUVs at the indicated CL 
concentrations, obtained as described in the text. Positions of major bands are labelled 
according to band assignments of Abe et al., and arrows indicate the evolution of extrema 
in the difference spectra for increasing cardiolipin concentrations.116 
 
Because the range of CL concentration of the experiment was the same as that used for 
20%TOCL/80%DOPC, the overall binding affinity increased due to an increase of the 
protein density on the liposome surface. At high lipid concentrations, the f/nf ratio is 
slightly lower for cytochromes bound to 100% TOCL liposomes. The nf- and f-fractions 
were again calculated for the CL and protein concentrations used for the Raman 
experiments and scaled them to the respective fraction of oxidized proteins observed from 
the analysis of the ν4 band (open circles in Figure 4.3.4). This gave the 
same αnf and αf values (i.e., 0.5 and 1.25) that were used to fit the data for 
20%TOCL/80%DOPC. 
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Based on the analysis described above, one can conclude that 60 % of the nf conformers 
are photoreduced and must therefore be considered as a native state. As was stated earlier, 
the nf(C) ensemble should be considered as a heterogeneous mixture of native-like and 
very compact non-native-like states. It needs to be emphasized that owing to the 
uncertainties associated with equilibrium constant for the nf/f distribution at low CL 
concentrations (ca. 30 %), the αnf is subject to larger statistical errors.  
These results underscore the notion that the earlier obtained conformations nf and f (or C 
and E) represent heterogeneous conformational sub-ensembles. They further suggest that 
a substantial fraction of the nf/C sub-ensemble exhibits a native-like conformation with 
M80 as the sixth ligand. The remaining fraction of this sub-ensemble is likely to be in some 
type of molten globule state.  
 
4.4 – Binding at Slightly Acidic pH as Probed by Raman Spectroscopy 
Measurements of the binding at slightly acidic pH are of particular interest for multiple 
reasons. First, Nantes’ L-site binding is expected to compete with A-site binding that 
Kinnunen and co-workers have proposed.94 Furthermore, at least one of the histidine 
ligands that can possibly replace the native methionine upon CL-induced unfolding is 
expected to be protonated. If any particular differences in binding are observed in this pH 
regime, they are most likely attributable to the protonation of this histidine. Hence, the 
binding was first probed via fluorescence, circular dichroism, and UV/Visible absorption 
spectroscopies by Milorey, with the data indicating that there are quite a few observable 
differences in binding. A particularly interesting finding, however, was a conversion to a 
79 
 
 
high-spin state, something clearly not observed for binding at pH 7.4 (i.e. the pH 
Pandiscia’s experiments were performed at). 
To gain further insights into structural changes caused by cytochrome c binding to CL 
liposomes at acidic pH, resonance Raman (RR) spectra of different cytochrome–liposome 
mixtures were measured at pH 6.5. The difference spectra for these data set are shown 
in Figure 4.4.1. 
 
 
Figure 4.4.1 - Difference spectra for ferricytochrome c – CL liposome systems, where the 
spectrum of ferricytochrome c in solution (shown in black for scale) is subtracted from the 
spectrum obtained for the protein with CL at the indicated concentrations. Of note is a clear 
contribution of a blueshifted ν4 band, most likely assignable of bis-His species that is also 
described in the text, and a clear increase in intensity of the high-spin components of the 
ν3 and ν2.117 
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A rapid loss of the low-spin component of the ν3 intensity with increasing CL 
concentrations and a concomitant gain in intensity of specific high-spin components of 
multiple spin marker bands (ν2, ν3, and ν10) was observed, as revealed by the deconvolution 
of the RR spectrum measured in the presence of 1500 μM CL. This deconvolution is shown 
in Figure 4.4.2 below. 
 
 
Figure 4.4.2 - Resonance Raman spectrum of a pH 6.5 50 μM ferricytochrome c solution 
at a cardiolipin concentration of 0 μM (red) and 1500 μM (gray) as obtained with 442 nm 
excitation, shown along with the decomposition (dashed black) and the total fit (solid 
black) of the latter spectrum.117 Sub-bands are labeled according to the notation of Abe et 
al. 
 
Each spin marker band has at least three components that were required to fit all of the 
spectra consistently, indicative of the coexistence of at least three species. For the ν3 band, 
the specific sub-bands at 1485 and 1492 cm–1 are dominant; the two sub-bands above 1500 
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cm–1 contribute very little to the band profile. By taking into account the lower resonance 
enhancement expected for the high-spin species in comparison with their low-spin 
counterparts due to the blue shift of the Soret maximum, an estimated ∼10% of the protein 
is still in a low-spin configuration. On the basis of the assignments reported by Oellerich 
et al.,50 the sub-bands at 1485 and 1492 cm–1 are indicative of pentacoordinated and water-
ligated hexacoordinated high-spin species, respectively. These assignments are further 
corroborated by the appearance of ν2 sub-bands at 1569 and 1577 cm–1, respectively, and 
a ν10 sub-band at 1625 cm–1. The low-spin sub-bands reflect some residual deprotonated 
bis-His species. The bis-His assignment is corroborated by the observed ν4, ν3, and 
ν10 components found at 1373, 1502, and 1639 cm–1, respectively. It is of note that a weak 
“ν3” sub-band at 1478 cm–1 was observed, and there is no current assignment available in 
the literature. 
The RR spectra of ferricytochrome c at a high CL concentration and 150 mM NaCl in the 
absence and presence of ferrocyanide are shown in Figure 4.4.3. In the absence of 
ferrocyanide, the spectrum resembles that of a native (or native-like) 
ferricytochrome c system. Upon the addition of ferrocyanide, the spectrum reveals 
complete photoreduction, which indicates that in the presence of salt 
ferricytochrome c exists in its native conformation even at high CL concentrations. This 
observation corroborates the notion that the binding of cytochrome c to CL liposomes 
observed at pH 6.5 is entirely electrostatic in nature. Note that the spectral noise is high 
due to reduced collection time. 
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Figure 4.4.3 - Resonance Raman spectra of ferricytochrome c in the presence of 2000 μM 
CL and 150 μM NaCl, both in the absence (black) and presence (red) of ferrocyanide in a 
1:12 protein to ferrocyanide ratio. Note the complete photoreduction, as indicated by the 
oxidation marker bands, after the addition of salt.117 
Taken together, the data suggest a reversible electrostatically driven binding of 
ferricytochrome c to CL membranes at mildly acidic pH that is reminiscent of the 
previously proposed L-site binding mode, with clear evidence for a predominance of a high 
spin state. 
4.5 – Discussion of Results 
4.5.1 - Summary 
A vibrational spectroscopic approach in studying the cytochrome c – CL system has been 
presented. Infrared spectroscopy has been used to specifically look at TOCL (and DOPC) 
phosphate vibrations as a function of pH (section 4.2). DOPC liposomes’ infrared spectra 
show little to no pH dependence, indicating that they are truly neutral (zwitterionic) across 
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the tested pH range and can serve as a well-behaving background lipid. TOCL spectra also 
show no pH dependence over the alkaline region, thus casting doubt on the bicyclic 
stabilization model of Kates et al. that suggests a pKa,2 between pH 7.5 and 9.5.
59 However, 
the situation is different in the acidic region. Here, distinct spectral changes were detected 
that were attributed to changes in protonation states. Decomposition of the spectra reveal 
a rather dense spectral region, and the subsequent tracking of infrared band intensities over 
the pH range of bands attributable to PO vibrations showed that they did not lose all of 
their intensity upon deprotonation and nor did bands attributable to OPO-, as would be 
expected in a perfect system. While it can be argued that the latter effect is likely due to 
one group still existing in a deprotonated state and thus contributing POO- related bands to 
the spectrum before pKa,1 is reached, the former is hard to explain without DFT 
calculations. DFT calculations performed on a model system consisting of a truncated CL 
headgroup (where the glycerol of each dioleyl phosphatidic acid was simply replaced with 
a methyl group) revealed a high degree of coupling between CHn deformation modes with 
phosphate vibrational modes, with this being the likely explanation as to why there is no 
full disappearance of vibrational bands assignable to PO vibrations even after 
deprotonation to OPO-. 
The applications of resonance Raman spectroscopy in studying this system were also 
explored. A classical tool in the study of heme proteins, resonance Raman has been thus 
far underutilized to study this system, most likely due to the experimental difficulties 
associated with the introduction of liposomes into the system and photoreduction. In 
section 4.3, however, photoreduction was presented as an actual tool rather than a detriment 
in studying this system, with the data indicating that CL can inhibit photoreduction by 
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inducing structural changes in the protein that cause it to lose its redox potential-mediating 
methionine ligand. The fraction of the oxidized state was calculated at each CL 
concentration by the decomposition of the spectra and the adjustment to the REPs. Through 
tracking of the non-photoreduceable fraction as a function of CL concentration and the 
assignment of this fraction as a contribution of both the nf- and f-states (with the latter 
expected to be the dominant contributor) of the Pandiscia model, the data for two different 
set of liposomes (20% CL and 100% CL) was fit with the calculated fractions of these two 
states via weighting parameters. These weighting parameters indicated that approximately 
40% of the nf-state and 100% of the f-state contributes to the photoreduction-resistant 
fraction, as expected. 
In section 4.4, it is shown how resonance Raman can be applied to studying the binding at 
acidic pH, where L-site binding is expected to be active and one of the histidine ligands 
(that can serve as a possible replacement of the methionine ligand) is protonated. First, 
marker bands of the resonance Raman spectra in the high frequency region show that a 
large fraction of the protein adopts a high spin configuration, and that this high spin 
population consists of pentacoordinated and hexacoordinated high spin species. This is a 
clear departure from the dominant low-spin population observed during binding at neutral 
pH, indicating that there is a new mode of binding. Furthermore, it was shown through the 
photoreduction method that this binding is purely electrostatic, where the bound protein - 
that was shown to be completely photoreduction resistant – regains its ability to 
photoreduce after the addition of salt, indicative of the repopulation of a native-like state. 
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4.5.2 – Discussion and Significance of Results 
The infrared results, specifically the lack of pH dependence observed for the infrared 
spectra of CL-containing liposomes above pH of 7.0, serve to solve the discrepancy 
regarding the ionization state of CL. These results show that the bicyclic stabilization of 
the monoionized state model of Kates et al.118 that proposed a pKa,2 between 7.5 and 9.5 is 
incorrect, rather supporting the doubly ionized model. It should be noted here that more 
recent work119 has supported the doubly ionized view, as well. An ionization state of -2 
allows for a much stronger electrostatic interaction between cytochrome c and CL while 
giving a greater charge density to CL-containing membranes. A pH dependence was only 
observed below the pH of 5.0, i.e. the pH where Kinnunen and co-workers first saw C-site 
binding.94 This links the appearance of the new binding site to the protonation of CL, 
though no direct connection has been established through these studies. As stated above, 
this study also served as one of the first full analyses of the CL phosphate headgroup 
vibrational spectra, revealing the high degree of complexity in a relatively small frequency 
region. 
Photoreduction being presented as a tool is in itself quite novel, as it is a very classical and 
well-documented problem in the studying of the oxidized versions of heme proteins. 
However, here it is clearly shown that photoreduction can be used to study the binding of 
cytochrome c to cardiolipin membranes due to the drop in the redox potential caused by 
the dissociation of the native methionine ligand. This redox potential drop and the 
accompanying inhibition of photoreduction allow the direct tracking of all non-native-like 
conformations, i.e. conformations lacking the M80 ligation. In effect, measurement of RR 
spectra in the presence of ferrocyanide can be used to isolate the CL-bound conformations 
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from the unbound ones, where the fraction of the protein that is unbound experiences 
complete photoreduction and becomes spectroscopically isolated due to the marked 
changes in the marker bands upon change in oxidation state. It should be noted that such 
an approach would not account for 60% of the bound nf-state that was shown to remain in 
the native-like conformation. This shows that photoreduction can be used as a very 
powerful tool for studying binding of cytochrome c to charged membranes. 
Lastly, binding at slightly acidic pH is highly relevant due to the expected pH of the 
mitochondria being approximately 6.9 (with possibly lower pH values on the surface of the 
negatively charged membrane due to accumulation of protons). It is around pH 6.5 that the 
L-site binding described by Nantes and coworkers97 becomes active. There is clear 
evidence that the protein mostly adopts high-spin conformations of the penta- and 
hexacoordinated type upon binding to CL-containing membranes at neutral pH. These 
conformations are of particular interest because they would be expected to contribute to 
the observed peroxidase activity, with the pentacoordinated high-spin state expected to be 
the primary contributor. Furthermore, the binding at this pH was shown to be electrostatic 
in nature through salt experiments, fully consistent with L-site binding. The question as to 
what ligand replaces the M80 has been outstanding for a while, with evidence presented in 
favor of either a histidine ligand or a lysine ligand. Due to the observed changes occurring 
in the pH regime where a histidine residue becomes protonated, these observed changes in 
the binding mode are thus indicative that histidine is responsible for replacing the native 
M80 during CL-induced unfolding.  
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CHAPTER 5 – SUMMARY AND OUTLOOK 
While cytochrome c involvement in apoptosis has now been studied for many years, some 
issues are still poorly understood regarding its specific interaction with cardiolipin. It is 
clear that the protein can bind to the CL-containing membranes in many ways from the 
different binding sites proposed by Kinnunen and coworkers (A and C sites) as well as 
Nantes and coworkers (L site). Furthermore, it is evident that the protein exhibits an 
equilibrium on the surface of CL-containing liposomes, with Pletneva and coworkers 
describing it as an equilibrium between a compact and an extended state while Pandiscia 
and Schweitzer-Stenner proposed a model where cytochrome c binding experiences a CL-
dependent equilibrium between a native-like nf- state and a non-native f-state. These states 
are reminiscent of those proposed by Pletneva and coworkers, but their exact structural 
conformations are still unknown. 
While many studies describing the binding have now been published, an unresolved issue 
in the field focusing on the ionization state of cardiolipin still stands. Kates et al. described 
a bicyclic structure that stabilized the monoionized version of CL well into the basic region, 
meaning that the lipid exhibits a -1 charge at neutral pH. However, this is at odds with 
many traditional titration experiments that suggest that CL carries a -2 charge. To resolve 
this issue, infrared spectroscopy analysis of the phosphate headgroups was presented in 
this thesis. Based on the pH dependence of the different bands occurring only in the pH 2-
5 region, it is clear that CL is doubly-ionized at neutral pH. Furthermore, DFT calculations 
aided in the assignments of the different bands, clarifying the rather complex phosphate 
vibrational region in the infrared spectrum. Now, with the resolution of this issue presented 
here, the interaction between cytochrome c and CL is clearer. The C-site binding of 
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Kinnunen and coworkers was observed to become active below pH 5, which is clearly the 
region where CL becomes protonated. 
Another vibrational technique that has seen rare use in studying this system is resonance 
Raman. It is rather peculiar to observe this lack of use, simply due to the power of 
resonance Raman in studying heme proteins. The structural analysis of the different 
conformers on the surface of the membrane is still outstanding, as has been mentioned. 
This thesis has presented a new technique that can be used to study the binding – 
specifically, photoreduction was turned into a powerful tool through which it was possible 
to track the bound non-native conformers of the protein. The results are in good agreement 
with the Pandiscia and Schweitzer-Stenner binding model for two different sets of 
liposomes, implying that this is a powerful technique that can be used as a complement to 
other spectroscopic analyses. 
It is still not clear what ligand replaces the native methionine 80 during CL-induced 
unfolding, with both histidines and lysines being possible candidates. Measuring the 
binding at slightly acidic pH is an attractive option due to the fact that one of the histidines 
that can possibly replace M80 is now protonated. Furthermore, L-site binding can start to 
compete with A-site binding all while these experiments are biologically relevant due to 
the slightly acidic mitochondrial pH. Resonance Raman measurements on this system 
quickly showed that there is dominance of high-spin ferricytochrome c species, both of the 
pentacoordinated and hexacoordinated (water-ligated) variety. These states are expected to 
be the primary contributors to peroxidase activity of the protein that is required for its 
function as a pro-apoptotic factor. Furthermore, the fact that there is such a drastic 
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difference in binding upon protonation of histidine implies that histidine is responsible for 
replacing M80 upon binding at neutral pH. 
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